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Executive  Summary 


The  vast  majority  of  all  presently  used  expendable  launch  vehicles  (ELVs)  and  reusable  launch 
vehicles  along  with  all  future  planned  ELVs  designed  to  use  liquid  propellants  use  the  oxidizer 
liquid  oxygen  (LOX).  It  is  contained  in  the  LV’s  airframe  forming  aluminum  (Al)  tanks.  It  is  also 
piped  to  and  thru  the  engines  of  these  LVs  via  ducts  and  lines  made  of  Al  and  nickel  (Ni)  alloys. 

Avoiding  an  ignition  event  altogether  and  /  or  the  deleterious  effects  of  an  ignition  event  is  the 
critical  design  factor  in  the  selection  of  a  material  to  fabricate  LOX  components.  Ignition  occurs 
when  a  sufficient  amount  of  energy  is  injected  at  a  site  on  the  surface  of  the  component  in  contact 
with  the  LOX.  It  has  been  found  that  the  most  common  energy  injection  mechanism  leading  to 
ignition  occurs  when  an  object  strikes  a  LOX  tank,  duct,  or  line.  That  mechanical  energy  is 
converted  into  thermal  energy  at  the  site  of  the  strike.  This  thermal  energy  raises  the 
temperature  of  the  tank,  duct,  or  line  material  at  the  local  site  and  this  creates  the  necessary 
conditions  for  ignition  to  occur  as  “all  ignitions  are  thermal  in  that  a  local  hot  spot  must  be  created 
for  ignition  to  occur.”  Hust  and  Clark  73. 

Effectively,  all  present  LV  LOX  tanks,  ducts,  and  lines  are  made  out  of  Al  or  Ni  alloys  that  exhibit 
significant  thermal  conductivity  (K)  at  LOX  temperatures  in  spite  of  the  fact  that  they  are  designed 
to  hold  a  cryogenic  liquid  which  will  boil  off  when  heated.  The  K  of  a  LOX  tank,  duct,  or  line  and 
various  thermal  transport  mechanisms  significantly  aid  in  suppressing  these  ignitions  by 
transporting  the  injected  energy  away.  In  fact  high  K  in  the  LOX  tank,  duct,  or  line  correlates  to 
greater  ignition  resistance. 

ASTM  D2512  is  the  standard  test  used  to  determine  if  a  material  is  compatible  with  LOX  when 
subjected  to  a  mechanical  impact.  If  twenty  0.689  inch  in  diameter  specimens  of  a  material  are 
capable  of  having  72  Ft-Lbs  (98  joules)  of  mechanical  energy  injected  by  the  D2512  apparatus 
into  them  without  any  indication  of  an  ignition  event  occurring  or  sixty  specimens  with  only  one 
indication  of  an  ignition  event  occurring  then  the  test  states  that  it  is  suitable  for  use  with  LOX. 
Save  for  heavily  halogenated  polymers,  polyimides,  and  polypyrlene  (better  known  as  graphite) 
all  polymers  to  date  fail  these  required  mechanical  impact  LOX  compatibility  test  standards. 
Unfortunately  to  date  all  of  the  PMCs  considered  for  use  in  making  a  LOX  vehicle  component  out 
of  have  also  failed  to  pass  these  test  standards. 

A  significant  factor  explaining  why  all  of  the  polymer  and  PMCs  failed  is  their  very  low  in-plane  K. 
None  of  the  PMCs  used  any  reinforcing  fibers  that  exhibit  K  superior  to  Ni  and  all  exhibited  K 
inferior  to  Al.  None  of  the  polymeric  matrix  resins  used  in  these  same  PMCs  exhibit  Ks  greater 
than  0.3  W/mK;  which  is  three  orders  of  magnitude  less  than  that  of  Al.  Overall  the  in-plane  K  of 
these  PMCs  were  no  greater  than  3  to  5  W/mK  and  the  out  of  plane  K  was  at  best  0.5  W/mK  due 
to  the  matrix  resin's  very  low  K.  With  in-plane  and  out-of-plane  Ks  so  low  the  energy  injected 
into  these  PMCs  by  the  mechanical  impacter  could  not  be  transported  away  from  the  local 
injection  site  and  instead  caused  the  temperature  of  the  PMC  to  significantly  rise  and  set  up 
ignition  conditions. 

Since  a  high  intrinsic  K  is,  with  only  a  few  notable  exceptions,  the  hall  mark  of  a  LOX  compatible 
material,  it  stands  to  reason  that  it  will  be  necessary  to  at  least  increase  the  in-plane  K  of  a  PMC 
up  to  that  exhibited  by  Al  alloys  at  LOX's  boiling  temperature.  Fortunately  some  thermally 
conductive,  highly  ordered,  and  graphitized  fibers  have  been  developed  over  the  past  decade. 
Highly  ordered  graphite,  also  known  as  polypyrlene,  is  the  most  LOX  compatible  polymer  known. 
When  a  PMC  is  fabricated  with  one  of  these  high  K  fibers  using  one  of  the  more  LOX  compatible 
matrix  resin  systems  available,  which  also  exhibits  a  high  Tg,  it  should  exhibit  the  overall  in-plane 
K  of  Al  alloys.  Since  the  in-plane  K  of  a  PMC  is  a  straight  rule  of  mixtures  formula  and  the  K  of  all 
resin  matrixes  is  roughly  the  same,  it  is  a  very  good  assumption  to  expect  that  any  60+%  volume 
fraction  PMC  using  these  high  K  fibers  would  also  exhibit  the  Al  alloy  like  in-plane  K.  To  make  a 
D2512  LOX  compatible  PMC  will  require  that  it  exhibit  a  K  in  the  same  range  as  Al  and  Ni. 


xiv 


The  core  objective  of  this  research  effort  is  to  determine  if  a  PMC,  using  thermally  conductive 
reinforcement  fibers  instead  of  the  standard  conventional  carbon  fibers  used  to  date,  suitable  to 
the  fabrication  of  axisymmetric  tanks,  ducts,  and  lines  and  exhibiting  in-plane  Ks  comparable  to 
those  metals  which  regularly  pass  D2512,  can  be  found  which  either  passes  or  comes  close  to 
passing  D2512.  A  secondary  objective  will  then  be  to  deduce  and  to  better  understand  what 
happened  to  the  specimens  during  the  D2512  test. 

To  accomplish  the  core  objective  four  materials  were  needed:  a  matrix  resin,  a  baseline  carbon- 
graphite  fiber,  and  two  thermally  conductive  fibers  to  provide  the  experimental  variables. 

Cytec  “Rigidite  5250-4  RTM”  was  the  toughened,  easily  process  able,  imide  class,  matrix  resin 
selected  for  use  in  this  effort.  Toughened  imides  usually  exhibit  good  D2512  LOX  compatibility. 

The  baseline  fiber  selected  for  this  effort  was  the  Cytec  T650-35.  The  T650  class  of  carbon  fibers 
had  been  used  in  other  published  attempts  to  make  D2512  LOX  compatible  composites.  Its 
selection  allowed  a  connection  and  comparison  of  this  efforts  results  to  those  previous  efforts. 

Nippon  Graphite  Fiber  Corps’  GRANOC  graphite  YSH50A  and  YSH60A  fibers  were  selected  for 
use  in  this  effort  as  the  thermally  conductive  experimental  fibers. 

Through  out  the  entire  experimental  portion  of  this  effort  numerous  situations,  circumstances  and 
events  presented  themselves  which  might  lead  to  the  materials  used,  their  interim  fabricated 
forms,  the  equipment  used  to  work  on  or  process  them  and  the  generated  D2512  specimens 
becoming  contaminated  by  dust,  fingerprints,  solvents,  etc.  If  not  eliminated  or  stringently 
mitigated  these  contaminates  would  skew  the  final  generated  D2512  specimen’s  LOX 
compatibility  results  towards  lower  compatibility.  To  eliminate  and  or  mitigate  these  contaminates 
and  their  effects  meticulous,  exhaustive,  thorough,  arduous,  rigorous,  and  careful  cleaning  steps 
and  efforts  were  always  taken  at  every  experimental  step  to  assure  that  “LOX”  clean  D2512 
specimens  were  created. 

D2512  requires  the  generation  of  flat  specimens.  To  assure  that  the  composite  panels  out  of 
which  the  D2512  specimens  where  to  be  made  were  flat,  the  quasi  isotropic  lay  up  sequence  (- 
45.  0,  +45,  90)3S  was  selected.  A  common  per  ply  thickness  routinely  attained  by  the  composites 
industry  is  5  mils.  Based  upon  circa  2002  fabricated  LOX  LV  tank  thicknesses  in  the  range  of  100 
to  250  mils,  the  final  targeted  composite  thickness  was  selected  to  be  120  mils.  This  set  the 
number  of  plies  in  the  composite  plates  to  be  made  for  this  effort  at  twenty-four. 

All  three  types  of  the  D2512  specimen  generating  12  inch  by  9  inch  composite  plates  were  laid  up 
and  cured  simultaneously  by  a  slightly  modified  Cytec  standard  5250-4  RTM  cure  profile.  They 
were  all  post  cured  by  the  Cytec  standard  440°F  post  cure  cycle.  A  5250-4  RTM  neat  resin  plate 
was  also  cast,  cured  and  post  cued  by  the  Cytec  standard  cure  and  post  cure  cycles. 

Good  quality  composite  plates  were  created.  The  composites  were  extremely  uniform;  Fiber 
Volume  was  63.6  to  63.7  for  all  three  composites!  Also  the  composites  exhibited  excellent  Void 
Volume  of  less  than  1  percent. 

Seventy-two  D2512  specimens  were  then  clean  and  contamination  free  cut  from  the  four 
specimen  plates  before  the  plates  were  transmission  c-scanned  or  cut  up  for  further  property 
measurements.  Coring  was  used  to  cut  D2512  specimens  out  of  the  four  specimen  plates. 

D2512  requires  that  the  tested  specimens  be  free  of  ragged  edges,  burrs,  fins,  or  other 
irregularities.  Deburred  and  beveled  specimens  were  “LOX”  quality  cleaned,  cleanly  and 
uniformly  vacuum  dried  and  then  placed  into  prepurchased  “LOX”  clean  Aclar  bags  while  inside  a 
glove  box  purged  with  filtered  dry  nitrogen. 
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The  four  particular  D2512  specimen  type  sets  generated  by  this  effort  were  shipped  to  NASA 
Johnson  Spaceflight  Center’s  White  Sands  Testing  Facilities  in  these  cans  for  D2512  Mechanical 
Impact  Ignition  testing.  A  sufficient  number  of  D2512  specimens  were  shipped  to  accomplish  the 
D2512  LOX  compatibility  test  requirement  of  20  impacted  in  ambient  pressure  LOX  at  72  Ft-Lbs 
specimens  plus  an  additional  3  to  4  specimens  for  impact  in  LN2at  72  Ft-Lbs  for  non-ignition-able 
comparison  and  3  to  4  “just  in  case”  spare  specimens. 

To  obtain  an  exact  measure  of  the  K  of  the  composites  created  by  this  effort  specimens  were 
sent  to  Dr.  Khairul  Alam  of  Ohio  University,  Athens  Ohio.  Dr  Alam  measured  the  in  and  out  of 
plane  K  of  all  three  types  of  composites.  The  x  and  y  axis  Ks  of  the  YSH  fiber  reinforced 
composites  are  roughly  twenty-three  hundred  and  twenty-six  hundred  percent  greater  than  the 
T650-35  fiber  reinforced  composites.  The  z  axis  Ks  of  the  YSH  fiber  reinforced  composites  are 
roughly  two  hundred  percent  greater  than  that  of  the  T650-35  fiber  reinforced  composites. 

The  results  of  the  D2512  Mechanical  Impact  tests  conducted  by  NASA  White  Sands  Test  Facility 
indicated  that  both  of  the  experimental  YSH  fibers  improved  the  D2512  LOX  compatibility  of  their 
respective  composites  by  seventeen  hundred  percent  over  the  baseline  T650-35  fiber  reinforced 
composite’s  D2512  LOX  compatibility.  Also  the  one  hundred  percent  D2512  ignition  rate 
exhibited  by  the  5250-4  RTM  neat  resin  specimens  implies  that  the  seventeen  hundred  percent 
improvement  in  the  YSH  fiber  reinforced  5250-4  RTM  matrix  composite’s  D2512  LOX 
compatibility  over  that  exhibited  by  the  T650-35  fiber  reinforced  5250-4  RTM  matrix  composite 
specimens  is  directly  attributable  to  the  use  of  these  moderately,  thermally  conductive,  primarily 
graphite  YSH  type  fibers. 

Upon  receipt  of  the  residuals  of  the  four  D2512  tested  types  of  materials  back  from  White  Sands 
Test  Facility  the  fracture  surfaces  of  these  residuals  were  examined  and  documented.  Any 
specific  residual  item  could  be  grouped  into  four  major  categories.  The  residual  item  originated 
from  either  outside  of  the  area  of  the  specimen  contacted  by  the  D2512  striker-impacter,  under 
the  area  contacted  by  the  impacter,  a  powder  of  the  finely  crushed  original  specimen  or  the  result 
of  an  interaction  between  a  specimen  residual  and  the  cup. 

Additional  examination  of  the  specimen  residuals  originating  from  outside  of  the  impacter- 
specimen  contacting  area  found  that  they  could  be  further  grouped  into  these  seven 
subcategories:  ring  shaped  cracks,  transverse  and  in  plane  cracks,  knob  like  extreme  cone 
cracks,  straight  cracks,  kinetic  friction  induced  abrasion,  intense  heat  exposure  and  tensile  hoop 
failure. 

Further  examination  of  the  larger  specimen  residuals  originating  from  under  the  impacter  and 
specimen  contacting  area  found  that  they  could  be  further  assigned  to  these  six  subcategories: 
crescents  and  arcs,  knobs,  straight  sided,  kinetic  friction  induced  abrasion,  intense  heat 
exposure,  and  surface  effects.  . 

All  of  the  returned  D2512  tested  specimens  contained  residuals  of  coarse  powder.  Examination 
of  these  coarse  powder  residuals  found  that  they  could  be  further  grouped  into  these  four 
subcategories:  narrow  crescent  shapes,  abrasion,  intense  heat  exposure,  and  surface  effects. 

The  final  category  of  residuals  consists  of  the  specimen’s  interaction  with  the  LOX  containment 
cup.  The  residuals  in  this  category  can  be  broken  out  into  these  two  subcategories:  back  edge 
damage  on  some  of  the  residuals  and  particles  of  the  specimens  affixed  to  cup’s  inner  surface. 

All  of  the  failure  types  and  phenomenon  exhibited  by  the  returned  residuals  were  found  in  all  four 
types  of  the  D2512  tested  specimens.  They  were  also  found  regardless  of  the  medium,  LOX  or 
LN2,  in  which  the  specimen  was  impacted  and  regardless  of  whether  or  not  the  material  exhibited 
an  ignition  reaction.  The  two  exceptions  are  the  prominence  of  the  knobs  produced  when  the 
D2512  test  occurs  in  LN2  and  the  severity  of  the  intense  heat  or  high  temperature  exposure  when 
a  reaction  is  detected  in  LOX  D2512  tested  specimens. 
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Load  versus  time  plots  of  the  first  bounce  of  a  typical  D2512  mechanical  impact  test  were 
collected  on  samples  of  the  created  D2512  specimen  with  an  instrumented  UDRI  impacter.  A 
series  of  distinct  features  repeatedly  appear  in  all  of  the  load  versus  time  plots  collected 
regardless  of  the  material  type  tested  or  the  number  of  a  specific  material’s  D2512  specimens 
tested.  These  distinct  features  can  be  grouped  into  four  categories:  initial  jitter,  sharp  spike, 
sloping  plateau,  and  parabolic  climb  and  descent. 

This  research  effort  has  successfully  achieved  its  two  objectives.  In  achieving  these,  it  has 
accomplished  a  series  of  world  firsts. 

This  effort  successfully  and  repeatedly  demonstrated  that  using  a  thermally  conductive  fiber  could 
substantially  enhance  the  mechanical  impact  LOX  compatibility  of  a  composite  as  measured  by 
ASTM  D2512.  It  repeatedly  achieved  90  percent  of  the  goal  of  passing  the  ASTM  standard 
D2512  mechanical  impact  ignition  test  which  is  a  1700  percent  improvement  over  the 
experimental  baseline. 

This  effort  also  documented  and  cataloged  the  types  of  fracture  surfaces  which  are  routinely 
found  in  residuals  (of  the  types  of  materials  investigated  by  this  effort)  remaining  after  the  impact 
test  fractures  and  possibly  causes  the  ignition  of  a  specimen.  Based  upon  these  fracture 
surfaces,  Hertzian  fracture  was  shown  to  be  mechanism  by  which  a  specimen  fractured  and 
failed  in  a  D2512  test. 

The  exhaustive  analysis  of  the  residual  fracture  surfaces  also  lead  to  the  understanding  of  the 
mechanical-to-thermal  transformation  mechanism.  The  examined  fracture  surfaces  of  the 
residuals  routinely  indicated  that  kinetic  friction  had  occurred  during  a  D2512  test.  The 
examination  also  indicated  that  signs  of  intense  heating  were  associated  with  the  signs  of  kinetic 
friction.  Kinetic  friction’s  mechanical-to-thermal  transformation  mechanism  provided  the  only 
phenomenological  explanation  for  the  extremely  rapid  and  large  temperature  rises  required  for 
conditions  recognizable  as  ignition  to  occur  in  the  time  frame  of  a  D2512  mechanical  impact  test. 

It  also  provided  the  correlation  of  the  various  physical  parameters  varied  by  this  effort  to  the 
D2512  testing  results  obtained. 

Overall  the  effort  crystallized  the  sequence  from  fracture  to  heating  to  possible  ignition.  It  starts 
first  with  the  development  of  a  series  of  Hertzian  fractures.  These  allow  for  heavy  kinetic  friction 
of  the  Hertzian  fractured  material  to  occur.  This  kinetic  friction  then  provides  a  means  for  the 
mechanical  energy  to  become  temperature  rising  thermal  energy.  This  temperature  rising 
thermal  energy  causes  the  material  to  degrade  by  radical  chain  scission  and  then  oxidize  by 
radical  addition  peroxide  chemistry  to  a  degree  possibly  detectable  as  ignition 


xvii 


Introduction 


The  vast  majority  of  all  presently  used  expendable  launch  vehicles  (ELVs)  and  reusable  launch 
vehicles  along  with  all  future  planned  ELVs  designed  to  use  liquid  propellants  use  the  oxidizer  liquid 
oxygen  (LOX). 11-129  (The  only  other  oxidizer  used  is  DiNitrogen  Tetroxide.  It  is  used  by  legacy  ELVs 
whose  design  evolution  originates  in  the  1960’s.)  As  depicted  in  figure  1 ,  it  is  contained  in  Al  tanks, 
which  usually  forms  the  LV’s  airframe.  It  is  also  piped  to  and  thru  the  engines  of  these  LVs  via  ducts 
and  lines  made  of  Al  and  Ni  alloys. 
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The  LOX  tanks  on  LVs,  particularly  those  on  the  boost  stage,  are  large.  As  figure  2  depicts  the  boost 
stage  tanks  on  these  LVs  are  comparable  or  larger  in  size  to  railroad  tanker  cars.130'131  LOX  tanks  can 
weight  roughly  1000  Lbs  when  used  to  make  the  upper  stages  of  medium  and  heavy  lift  LVs  or  the 
boost  stages  of  small  lift  LVs,  to  thousands  of  Lbs  when  used  to  make  the  boost  stages  of  medium  lift 
LVs,  and  as  much  as  ten  thousand  Lbs  when  used  to  make  the  boost  stages  of  heavy  lift  LVs. 
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Figure  2a,  Launch  Vehicle  LOX  Tankage  Sizes 
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All  Pictured  Items  Are  Roughly  To  Scale. 
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Figure  2b,  Launch  Vehicle  LOX  Tankage  Sizes 
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Lifting  items  into  space  is  very  expensive.  To  lift  1  Lb  of  material  into  low  earth  orbit  costs  the 
equivalent  of  1  Lb  of  gold.  To  put  that  same  Lb  into  geostationary  orbit  costs  the  equivalent  of  3  Lbs 
of  gold.  To  lift  that  same  Lb  out  of  the  Earth-Moon  gravity  well  costs  the  equivalent  10+  lbs  of  gold. 

An  ELV’s  mass  lifting  capacity  is  routinely  increased  by  8  additional  Lbs  for  every  100  Lbs  of  mass 
removed  from  the  boost  stage.  Also  an  80  additional  Lbs  of  lifted  mass  is  usually  gained  for  every 
100  Lbs  of  mass  removed  from  the  second  stage  and  above.  Since  large  fractions  of  the  dry  mass  of 
these  LVs  is  in  the  LOX  tanks,  ducts,  and  engine  lines  it  is  imperative  that  the  LV  building  and  using 
community  strive  to  remove  as  much  weight  as  possible  from  the  weight  of  these  components  while 
maintaining  the  lightweight,  strong,  stiff,  and  LOX  compatibility  requirements  of  these  components  to 
improve  their  lifting  performance.  The  only  available  class  of  materials  which  presently  meet  most  of 
these  requirements  are  polymer  matrix  composites  (PMCs).  Within  use  temperature  and  other 
component  specific  requirements,  a  twenty  five  percent  reduction  in  the  weight  of  a  component  can 
routinely  be  had  by  redesigning  it  to  be  built  out  of  PMCs. 

Additionally  all  present  ELV  Al  LOX  tanks  cost  millions  of  dollars  to  build  and  require  3  plus  years  of 
scheduling  for  their  fabrication,  testing,  and  delivery.  If  a  LOX  compatible  PMC  can  be  found  the  cost 
and  time  associated  with  building  and  procuring  these  tanks  would  drop  by  an  order  of  magnitude. 
When  Boeing,  in  the  middle  90’s,  went  from  fabricating  Delta  II  fairings,  and  payload  support  adapters 
out  of  Al  to  fabricating  them  out  of  PMCs,  the  cost  to  fabricate  them  dropped  from  roughly  10  million 
dollars  to  roughly  2.5  million  dollars  and  the  time  to  fabricate  and  qualify  them  dropped  from  3  years 
to  roughly  9  months. 132  Since  these  components  exhibit  many  similar  aspects,  they  are  both  basically 
axisymmetric  components  and  both  require  a  similar  intensity  of  qualification  testing,  cost  and 
scheduling,  reductions  in  the  fabrication  of  these  low  volume  production  run  LOX  tanks  will  be 
realized.  Developing  a  LOX  compatible  PMC  would  directly  translate  into  reducing  the  cost  and 
scheduling  associated  with  fabricating  the  LVs. 

Avoiding  an  ignition  event  altogether  and  or  the  deleterious  effects  of  an  ignition  event  is  the  critical 
design  factor  in  the  selection  of  a  material  to  fabricate  LOX  tanks,  ducts,  and  line  components.010214 
Ignition  occurs  when  a  sufficient  amount  of  energy  is  injected  at  a  site  on  the  surface  of  the 
component  in  contact  with  the  LOX.  It  has  been  found  that  the  most  common  energy  injection 
mechanism  leading  to  ignition  in  LOX  components  is  mechanical  impact.  When  an  object  strikes  a 
LOX  tank,  duct,  or  line  it  injects  mechanical  energy.  That  energy  is  converted  into  thermal  energy  at 
the  site  of  the  strike.  This  usually  occurs  when  a  foreign  object  is  inadvertently  introduced  into  the 
tank,  duct,  or  line  or  a  sub-component  breaks  off  and  strikes  at  some  local  site.  This  thermal  energy 
raises  the  temperature  of  the  tank,  duct,  or  line  material  at  the  local  site  as  shown  in  figure  3  and  this 
creates  the  necessary  conditions  for  ignition  to  occur  as  “all  ignitions  are  thermal  in  that  a  local  hot 
spot  must  be  created  for  ignition  to  occur.”  Hust  and  Clark  73. 

Effectively,  all  present  vehicle  LOX  tanks,  ducts,  and  lines  are  made  out  of  aluminum  or  nickel  alloys 
that  exhibit  significant  thermal  conductivity  at  cryogenic  LOX  temperatures.  Figure  4  graphs  their 
thermal  conductivity  over  a  range  of  temperatures  from  LOX’s  boiling  point  up.  The  thermal 
conductivity  of  a  LOX  tank,  duct,  or  line  and  various  thermal  transport  mechanisms  significantly  aid  in 
suppressing  these  ignitions  by  transporting  the  injected  energy  away  as  shown  in  figure  3.  In  fact 
high  thermal  conductivity  in  the  LOX  tank,  duct,  or  line  correlates  to  greater  ignition  resistance  for  the 
reasons  delineated  in  table  1 .  This  explains  why  effectively  all  present  vehicle  LOX  tanks,  ducts,  and 
lines  have  been  made  out  of  high  thermal  conductivity  materials,  in  spite  of  the  fact  that  they  are 
designed  to  hold  a  cryogenic  liquid  which  will  boil  off  when  heated.  To  safely  contain  the  LOX  this 
trade  off  dictated  their  use. 
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Figure  3,  Local  Site  Temperature  Rise  And  Thermal  Transport  Mechanisms 


Figure  4,  Thermal  Conductivity  Of  Materials  Used  In  Making  Common  LOX  Handling  Components. 
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Table  1 ,  High  Thermal  Conductivity  Correlates  to  Greater  Ignition  in  LOX  Resistance 

"Most  materials  in  contact  with  oxygen  will  not  ignite  without  a  source  of  ignition  energy.  When  an 

energy-input  rate,  as  converted  to  heat,  is  greater  than  the  rate  of  heat  dissipation,  and  the 
temperature  increase  is  continued  for  sufficient  time,  ignition  and  combustion  will  occur." 

Standard  Guide  For  Evaluating  Nonmetallic  Materials  For  Oxygen  Service.  ASTM  G  63  -  1 992 

.  .design  for  efficient  dissipation  of  heat.” 

Standard  Guide  For  Designing  Systems  For  Oxygen  Service.  ASTM  G  88  -  90,  1990 

“...it  is  also  desirable  to  use  materials  and  design  criteria  that  would  provide  for  maximum 
possible  heat  dissipation  by  thermal  conduction.” 

“The  apparent  ignition  temperature  of  a  given  material  is  affected  by  its  heat  capacity, 
thermal  conductivity,  heat  of  reaction  and  the  rate  of  heat  input,  ” 

“The  thermal  diffusivity  parameters,  (ie  thermal  conductivity,  density,  and  specific  heat)  may  be 
used  to  calculate  energy  input  rate  or  power  input  to  reach  the  ignition  temperature  of  the  material. 

As  the  thermal  conductivity,  density  and  heat  capacity  increase,  the  rate  of  energy  power  input 
to  reach  an  ignition  temperature  increases.  ” 

Harold  W.  Schmidt,  and  Forney  ,  ASRDI  Oxygen  Technological  Survey.  Vol  9:  Oxygen  Systems 
Engineering  Review.  NASA  SP-3090.  1-218,  1975 

“Electric  arcs  and  sparks  produce  temperatures  well  in  excess  of  all  reported  autoignition 
temperatures  for  aluminum.  They  are  highly  localized  and  should  be  effective  in  delivering  energy 
to  the  metal.  However,  despite  the  high  temperature  and  localization  of  the  heat,  the  total  energy 
present  in  sparks  from  static  charge  separation  or  in  arcs  from  low  voltage  wiring  tends  to  be  small, 
and  aluminum,  because  of  its  high  thermal  conductivity,  dissipates  heat  very  effectively.” 

Barry  L.  Werley,  Herve1  Barthelemy,  Robert  Gates,  Joseph  W.  Slusser,  Keith  B.  Wilson,  and  Robert 
Zawierucha,  “A  Critical  Review  Of  Flammability  Data  For  Aluminum”,  Flamibilitv  And  Sensitivity  Of 
Materials  In  Oxygen-Enriched  Atmospheres:  Sixth  Volume,  ASTM  STP  1197,  Pg  300-345,  1993 

“...thermal  conductivity  of  metals  and  alloys  is  viewed  with  only  casual  interest  in  most  structural 
applications.  However,  thermal  conductivity  in  a  structure  in  an  oxygen  system  becomes  a 
direct  measure  of  the  resistance  of  structure  to  fire.  The  structure  ignites  because  sudden 
energy  from  some  source  is  momentarily  supplied  to  the  surface  raising  it  to  the  ignition  temperature. 
High  thermal  conductivity  will  lower  the  surface  temperature  and  will  therefore  increase  the 
resistance  to  ignition.” 

James  J.  Pelouch,  Jr.,  ASRDI  Oxygen  Technological  Survey.  Vol  VII:  Characteristics  Of  Metals  That 
Influence  System  Safety,  NASA  SP-3077,  Pg  1-68,  1974 

“Metals  have  high  thermal  conductivities  that  help  dissipate  local  heat  inputs  that  might 
easily  ignite  nonmetals” 

“Heat  is  generated  from  the  conversion  of  mechanical  work  when  a  gas  is  compressed  from  a  low 
to  a  high  pressure.  This  can  occur  when  high  pressure  oxygen  is  released  into  a  dead-ended  tube  or 
pipe,  quickly  compressing  the  residual  oxygen  that  was  in  the  tube  ahead  of  it.  An  effective  ignition 
mechanism  with  polymers,  the  much  higher  heat  capacity  and  thermal  conductivity  of  significantly 
sized  metals  greatly  attenuates  high  temperature  produced  this  way.” 

“Acoustic  oscillations  within  resonant  cavities  are  associated  with  rapid  gas  temperature 
rise.  This  rise  is  more  rapid  and  achieves  higher  values  where  particulates  are  present  or  where 
there  are  high  gas  velocities.  Ignition  can  result  if  the  heat  transferred  is  not  rapidly  dissipated,” 
Standard  Guide  For  Evaluating  Metals  For  Oxygen  Service,  ASTM  G  94  -  1 992 
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Table  1 ,  High  Thermal  Conductivity  Correlates  to  Greater  Ignition  in  LOX  Resistance  cont. 

“Other  properties  such  as  specific  heat,  thermal  conductivity,  density,  and  thermal  diffusivity 
influence  material  compatibility.  For  example,  nickel-copper  alloys  are  rapidly  replacing  stainless 
steels  in  high  pressure  (ie  3000  Psi)  oxygen  systems  because  of  the  increased  thermal  conductivity 
and  diffusivity  of  nickel-copper  alloys.  The  higher  thermal  conductivity  results  in  lower  reaction 
sensitivity.  Also,  mechanical  properties  may  be  altered  in  the  presence  of  high  pressure  oxygen,  for 
example,  crack  propagation  may  be  enhanced.” 

“The  use  of  materials  with  high  thermal  diffusivity  and  high  heat  capacity  are  most  beneficial 
since  the  most  rapid  rates  of  heating,  from  sources  such  as  adiabatic  compression,  are  not 
appreciably  faster  than  the  effective  surface  cooling  rate  of  good  heat  conductors.” 

“Material  with  a  high  thermal  diffusivity  are  better  in  dynamic  systems  since  local  energy 
impulses  will  result  in  less  pronounced  hot  spots  than  materials  with  low  diffusivity.  In  a  static 
system  high  thermal  conductivity  materials  are  more  desirable  for  essentially  the  same 
reason.  ...  The  presence  of  sharp  edges  may  result  in  hot  spots  for  ignition.” 

“Whether  ignition  actually  occurs  is  determined  by  the  temperature  of  the  material  ...  The 
thermal  diffusivity,  heat  capacity,  and  other  factors  such  as  the  existence  of  sharp  edges, 
determine  the  peak  temperature  of  the  material.” 

J.G.  Hust,  and  A.F.  Clark,  “A  Survey  Of  Compatibility  Of  Materials  With  High  Pressure  Oxygen 
Service”,  Cryogenics,  Pg  325-336,  June  1973 

“Metals  with  good  thermal  conductivities,  should  be  more  difficult  to  ignite  because  local  hot 
spots  can  be  dissipated  before  ignition  occurs.” 

“Sharp  corners  and  thin  sections  promote  easier  ignition  ...  they  heat  up  more  quickly  than  thicker 
sections.  Metal  thickness  of  less  than  0.032  in  should  be  avoided.” 

“Also,  in  design,  the  nonmetal  components  are  well  heat-sunk  in  metal  and  this  impedes  their 
ignition  by  removing  heat  from  the  area  around  the  nonmetal.” 

Joseph  W.  Slusser,  and  Keith  A.  Miller,  “Selection  Of  Metals  For  Gaseous  Oxygen  Service”, 
Flamibilitv  And  Sensitivity  Of  Materials  In  Oxygen-Enriched  Atmospheres:  ASTM  STP  812,  Pg  167- 
191,1983 

ASTM  D2512  is  the  standard  test  used  to  determine  if  a  material  is  compatible  with  LOX  and  G86 
with  pressurized  LOX  when  subjected  to  a  mechanical  impact.  If  twenty  0.689  inch  in  diameter 
specimens  of  a  material  are  capable  of  having  98  joules  (72  Ft-Lbs,  10  kgfm,  and  43  inch  drop  height) 
of  mechanical  energy  injected  by  the  D2512-G86-F371-D2540-NASA  STD  6001  Test  13A  (Previously 
NHB  8060. 1C  Test  13A)-NASA  STD  6001  Test  13B  (Previously  NHB  8060. 1C  Test  13B)-USAF 
Spec.  Bull.  527  basic  apparatus  shown  in  figure  5  into  them  without  any  indication  of  an  ignition  event 
occurring  or  sixty  specimens  with  only  one  indication  of  an  ignition  event  occurring  then  the  test 
states  that  it  is  suitable  for  use  with  LOX.  Table  2  lists  the  results  of  numerous  polymeric  and 
composite  materials  published  in  various  open  source  government  documents  that  have  been  D2512 
and  G86  tested.  Save  for  heavily  halogenated  polymers,  polyimides,  and  polypyrlene  (better  known 
as  graphite)  all  polymers  to  date  fail  these  required  mechanical  impact  LOX  compatibility  test 
standards.  Unfortunately  to  date  all  of  the  composite  materials  considered  for  use  in  making  a  LOX 
vehicle  component  out  of  have  also  failed  to  pass  these  test  standards. 
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Figure  5a,  Ambient  Pressure  D2512  LOX  Impact  Sensitivity  Tester:  Apparatus  And  Striker  Zone 
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Diameter;  Target:  0.688/'  +  /-0.005" 
+  j  Range:  0.688,/  +  /-0.005" 

'-y  To 

0.750"+/-0.005" 


Thickness:  Target:  0.060*  +  /— 0.005" 
Range:  0.040"  +  /-0.005" 

To 

0,250//  +  /“0.005,/ 

Notes: 

1,  Specimens  shall  be  free  of  ragged  edges,  fins,  burrs,  or  other  irregularities 

2,  Specimens  shall  be  cleaned  to  and  tested  cleaned  to  NASA  STD  6001  (Prev.  NHB  8060.1  C) 

3t  Reaction  shall  be  defined  as  an  audible  explosion  /  noise,  flash,  and  or  charring  /  burning 

4t  Passing  D2512  or  G86  shall  be  defined  as  0  reactions  out  of  20  impacts  or  1  reaction  out  of  60  impacts 
at  72  Ft-Lbs,  98  Joules,  43  In  drop  height  of  kinetic  energy  mechanically  impact  injected 

ASTM  D2512  &  G86  Test  Specimen 
Engineer/Draf tsnarv  Roger  Gerzeski 
Date:  i  Apr  2001 

Figure  5b,  Ambient  Pressure  D2512  LOX  Impact  Sensitivity  Tester:  Test  Specimen 
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26  5  2005 

Figure  5c,  Ambient  Pressure  D2512  LOX  Impact  Sensitivity  Tester:  Unused  Fresh  Spacer  Disc 
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Figure  5d,  Ambient  Pressure  D2512  LOX  Impact  Sensitivity  Tester:  Unused  Fresh  Cup 
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Table  2,  LOX  Compatibility  Of  Polymers  And  Composites  Tested  Via  D2512  Mechanical  Impact 
(98  Joules=10  Kgf  m=43inchs  drop  height) 

Table  2a,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-985 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Phenolic  resin, 

LOX 

14.7 

10  Kgfm 

0.313  in 

2/2 

fiberglass  honeycomb, 

LOX 

14.7 

5 

Kgf  m 

0.313  in 

11/11 

epoxy  fiberglass  sealer, 

LOX 

14.7 

2 

Kgf  m 

0.313  in 

20/20 

epoxy  adhesive 

LOX 

14.7 

1 

Kgf  m 

0.313  in 

7/20 

LOX 

14.7 

1/2 

Kgf  m 

0.313  in 

0/20 

Polyurethane 

LOX 

14.7 

10 

Kgf  m 

0.050  in 

6/20 

Dyna  Therm  D-904 

LOX 

14.7 

5 

Kgf  m 

0.050  in 

2/15 

LOX 

14.7 

4 

Kgf  m 

0.050  in 

0/20 

Polyurethane 

LOX 

14.7 

10 

Kgf  m 

0.063  in 

2/20 

Dyna  Therm  D- 1 00 

LOX 

14.7 

2 

Kgf  m 

0.063  in 

1/40 

Honey  comb  phenolic 

LOX 

14.7 

10 

Kgf  m 

0.063  in 

20/20 

epoxy  (Hexcell  9 1  LD) 

LOX 

14.7 

5 

Kgf  m 

0.063  in 

20/20 

LOX 

14.7 

3 

Kgf  m 

0.063  in 

20/20 

LOX 

14.7 

1 

Kgf  m 

0.063  in 

15/20 

Polyurethane 

LOX 

14.7 

10 

Kgf  m 

0.250  in 

20/20 

Hexcell  Insulation 

LOX 

14.7 

5 

Kgf  m 

0.250  in 

19/20 

1414-2 

LOX 

14.7 

3 

Kgf  m 

0.250  in 

8/20 

LOX 

14.7 

2 

Kgf  m 

0.250  in 

0/20 

Quartz  spheres  and  epoxy 

LOX 

14.7 

10 

Kgf  m 

0.125  in 

15/20 

(Isowood) 

LOX 

14.7 

7 

Kgf  m 

0.125  in 

7/20 

LOX 

14.7 

5 

Kgf  m 

0.125  in 

2/20 

LOX 

14.7 

3 

Kgf  m 

0.125  in 

0/20 

Asbestos  felt  saturated 

LOX 

14.7 

10 

Kgf  m 

0.063  in 

11/20 

with  phenolic  resin  and 

LOX 

14.7 

5 

Kgf  m 

0.063  in 

6/20 

inorganic  filler 

LOX 

14.7 

3 

Kgf  m 

0.063  in 

5/20 

LOX 

14.7 

2 

Kgf  m 

0.063  in 

3/20 

LOX 

14.7 

1 

Kgf  m 

0.063  in 

0/20 

Phenylated  Nylon 

LOX 

14.7 

10 

Kgf  m 

0.050  in 

11/20 

LOX 

14.7 

5 

Kgf  m 

0.050  in 

8/10 

LOX 

14.7 

3 

Kgf  m 

0.050  in 

4/10 

Polyurethane 

LOX 

14.7 

10 

Kgf  m 

0.063  in 

2/7 

(Coast  Pro  Seal  793) 
Teflon  impregnated 

LOX 

14.7 

10 

Kgf  m 

0.063  in 

2/3 

silicone  rubber  (Compound  Rubber  X-58) 
Epoxy  and  polysulfide  LOX 

14.7 

10 

Kgf  m 

0.050  in 

10/20 

LP/32  activator 

LOX 

14.7 

5 

Kgf  m 

0.050  in 

14/20 

(E-Bond  Rubber  Sealant)  LOX 

14.7 

1 

Kgf  m 

0.050  in 

10/20 

Epibond  123  andHardner  LOX 

14.7 

10 

Kgf  m 

0.050  in 

5/20 

952A  (Furane  Plastics  Inc) 

EPON  Glass  Terminal  LOX 

14.7 

10 

Kgf  m 

0.050  in 

2/3 

Board 

LOX 

14.7 

5 

Kgf  m 

0.050  in 

1/1 

Epoxy  Potting  Comp 

LOX 

14.7 

10 

Kgf  m 

0.063  in 

1/1 

LOX 

14.7 

5 

Kgf  m 

0.063  in 

1/1 

LOX 

14.7 

2 

Kgf  m 

0.063  in 

1/1 

Fibrous  Glass  Tubing 

LOX 

14.7 

10 

Kgf  m 

0.063  in 

4/4 

LOX 

14.7 

5 

Kgf  m 

0.063  in 

4/4 

LOX 

14.7 

2 

Kgf  m 

0.063  in 

4/6 
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Table  2a,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-985  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Epoxy  Filled  Glass  Fabric  LOX 

14.7 

10  Kgfm 

0.063  in 

39/40 

(Type  GEE  Grade  G-10)  LOX 

14.7 

5  Kgf  m 

0.063  in 

4/20 

FOX 

14.7 

2  Kgf  m 

0.063  in 

3/20 

FOX 

14.7 

1  Kgf  m 

0.063  in 

0/20 

Nylon  Epoxy 

FOX 

14.7 

10  Kgf  m 

0.010  in 

17/20 

(FM  1000  adhesive) 

FOX 

14.7 

5  Kgf  m 

0.010  in 

11/20 

FOX 

14.7 

2  Kgf  m 

0.010  in 

9/20 

Epoxy  Phenolic 

FOX 

14.7 

10  Kgf  m 

0.013  in 

20/20 

(HT-424  adhesive) 

FOX 

14.7 

5  Kgf  m 

0.013  in 

20/20 

FOX 

14.7 

3  Kgf  m 

0.013  in 

20/20 

FOX 

14.7 

1  Kgf  m 

0.013  in 

6/20 

Epoxy  Adhesive 

FOX 

14.7 

10  Kgf  m 

0.050  in 

2/3 

(Hysol  Cement  6020) 

FOX 

14.7 

5  Kgf  m 

0.050  in 

2/2 

FOX 

14.7 

2  Kgf  m 

0.050  in 

2/4 

Kel  F  Plasticized 

FOX 

14.7 

10  Kgf  m 

0.032  in 

0/20 

(PolyTrifluorochloroethylene) 

Kel  F  UnPlasticized 

FOX 

14.7 

10  Kgf  m 

0.032  in 

0/20 

(PolyTrifluorochloroethylene) 

Kel  FL- 13  80  (PTFCE) 

FOX 

14.7 

10  Kgf  m 

0.005  in 

0/20 

Kel  F  F-1381  (PTFCE) 

FOX 

14.7 

10  Kgf  m 

0.005  in 

0/20 

Kel  F  Film  Type  8105 

FOX 

14.7 

10  Kgf  m 

0.005  in 

0/20 

(PTFCE) 

Kel  F  Film  Type  KX202 

FOX 

14.7 

10  Kgf  m 

0.002  in 

0/20 

(PTFCE) 

Kel  F  Film  Type  KX8 110 

FOX 

14.7 

10  Kgf  m 

O.OlOin 

0/20 

(PTFCE) 

Kel  F  Film  Type  8210 

FOX 

14.7 

10  Kgf  m 

0.010  in 

0/20 

(PTFCE) 

Kel  F  Film  Type  8205 

FOX 

14.7 

10  Kgf  m 

0.005  in 

0/20 

(PTFCE) 

Kel  F  81  (PTFCE) 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

Kel  F  800  (PTFCE) 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/40 

Kel  F  Film  Dispersion 

FOX 

14.7 

10  Kgf  m 

0.005  in 

0/20 

625  (PTFCE) 

Kel  F  Film  Dispersion 

FOX 

14.7 

10  Kgf  m 

0.002  in 

0/20 

KX  633  (PTFCE) 

Kel  F  Elastomer  (PTFCE) 

FOX 

14.7 

10  Kgf  m 

0.125  in 

0/20 

Kel  F  Elastomer  (PTFCE) 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

Vinyl  Rubber  (Koroseal) 

FOX 

14.7 

10  Kgf  m 

0.125  in 

2/20 

(B.F. Goodrich  Co) 

Acrylic  Resin  and 

FOX 

14.7 

10  Kgf  m 

0.002  in 

2/3 

aromatic  hydrocarbons 

FOX 

14.7 

5  Kgf  m 

0.002  in 

2/6 

(Krylon  Crystal  Clear 

FOX 

14.7 

1  Kgf  m 

0.002  in 

0/20 

Spray  Coating) 

Kynar  RC2525  (PVF) 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/10 

Polycarbonate 

FOX 

14.7 

10  Kgf  m 

0.063  in 

20/20 

(GE  Fexan) 

FOX 

14.7 

5  Kgf  m 

0.063  in 

16/20 

FOX 

14.7 

4  Kgf  m 

0.063  in 

3/17 

FOX 

14.7 

2  Kgf  m 

0.063  in 

0/20 

Mylar  Insulation  Tape 

FOX 

14.7 

10  Kgf  m 

2/2 

FOX 

14.7 

5  Kgf  m 

2/13 
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Table  2a,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-985  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Phenolic  Laminate 

LOX 

14.7 

10  Kgf  m 

0.063  in 

16/20 

fabric  base  (Micarta) 

LOX 

14.7 

5  Kgf  m 

0.063  in 

16/20 

(Westinghouse) 

LOX 

14.7 

2  Kgf  m 

0.063  in 

6/20 

LOX 

14.7 

1  Kgf  m 

0.063  in 

0/20 

Polyester  Mylar  Film 

LOX 

14.7 

10  Kgf  m 

0.006  in 

2/22 

(Dupont) 

LOX 

14.7 

5  Kgf  m 

0.006  in 

2/28 

LOX 

14.7 

3  Kgf  m 

0.006  in 

0/20 

LOX 

14.7 

10  Kgf  m 

0.002  in 

2/22 

LOX 

14.7 

5  Kgf  m 

0.002  in 

2/20 

LOX 

14.7 

3  Kgf  m 

0.002  in 

0/20 

LOX 

14.7 

10  Kgf  m 

2/7 

LOX 

14.7 

5  Kgf  m 

0/13 

LOX 

14.7 

10  Kgf  m 

8/10 

Mylar  25 C  Film 

LOX 

14.7 

10  Kgf  m 

2/20 

Mylar  25UA  Film 

LOX 

14.7 

10  Kgf  m 

2/11 

Mylar  50A  Film 

LOX 

14.7 

10  Kgf  m 

2/20 

LOX 

14.7 

5  Kgf  m 

0/9 

Mylar  50C  Film 

LOX 

14.7 

10  Kgf  m 

2/20 

Mylar  5 OK  Film 

LOX 

14.7 

10  Kgf  m 

2/20 

Mylar  50T  Film 

LOX 

14.7 

10  Kgf  m 

2/4 

LOX 

14.7 

5  Kgf  m 

2/3 

LOX 

14.7 

2  Kgf  m 

0/12 

Mylar  100T  Film 

LOX 

14.7 

10  Kgf  m 

3/20 

Mylar  R22  Film 

LOX 

14.7 

10  Kgf  m 

2/20 

Mylar  Film 

LOX 

14.7 

10  Kgf  m 

0.001  in 

4/20 

Chlorinated  Polyester 

LOX 

14.7 

10  Kgf  m 

0.050  in 

7/10 

cured  with  2%  MEK, 

LOX 

14.7 

5  Kgf  m 

0.050  in 

4/10 

peroxide  and  cobalt 

LOX 

14.7 

3  Kgf  m 

0.050  in 

2/20 

naphtenate 

LOX 

14.7 

2  Kgf  m 

0.050  in 

0/20 

Chlorinated  Polyester 

LOX 

14.7 

10  Kgf  m 

0.050  in 

9/10 

cured  with  2%  MEK, 

LOX 

14.7 

5  Kgf  m 

0.050  in 

2/5 

peroxide  and  cobalt 

LOX 

14.7 

3  Kgf  m 

0.050  in 

1/10 

naphtenate  filled 

LOX 

14.7 

2  Kgf  m 

0.050  in 

2/10 

with  33.3%  antiomony 

LOX 

14.7 

1  Kgf  m 

0.050  in 

0/20 

trichloride 

ERL  0625  epoxy  cured 

LOX 

14.7 

10  Kgf  m 

0.050  in 

7/10 

with  10.6  phr  mPDA 

LOX 

14.7 

5  Kgf  m 

0.050  in 

2/10 

LOX 

14.7 

3  Kgf  m 

0.050  in 

0/20 

ERL  0625  epoxy  cured 

LOX 

14.7 

10  Kgf  m 

0.050  in 

6/10 

with  14.5  phr  chlorendic  LOX 

14.7 

5  Kgf  m 

0.050  in 

6/20 

anhydride  and  0.5% 

LOX 

14.7 

3  Kgf  m 

0.050  in 

2/10 

benzyldimethylamine 

LOX 

14.7 

2  Kgf  m 

0.050  in 

1/10 

Narmco  Resin  3135 

LOX 

14.7 

10  Kgf  m 

0.050  in 

3/3 

(Adhesive  50%  epoxy 

LOX 

14.7 

5  Kgf  m 

0.050  in 

2/2 

50%  polyamide) 

LOX 

14.7 

2  Kgf  m 

0.050  in 

2/7 

Narmco  Resin  3170 

LOX 

14.7 

10  Kgf  m 

0.050  in 

16/24 

(Adhesive  50%  filled 

LOX 

14.7 

5  Kgf  m 

0.050  in 

2/8 

epoxy  50%  polyamide) 

LOX 

14.7 

3  Kgf  m 

0.050  in 

2/14 

LOX 

14.7 

1  Kgf  m 

0.050  in 

0/20 
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Table  2a,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-985  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Nylon  Basket  Weave 

LOX 

14.7 

10  Kgf  m 

0.032  in 

2/2 

No  1803 

LOX 

14.7 

5  Kgf  m 

0.032  in 

2/2 

(Polyamide) 

LOX 

14.7 

2  Kgf  m 

0.032  in 

2/2 

LOX 

14.7 

1  Kgf  m 

0.032  in 

2/12 

Nylon  Type  127-1 

LOX 

14.7 

10  Kgf  m 

0.250  in 

8/20 

(Polyamide) 

LOX 

14.7 

5  Kgf  m 

0.250  in 

1/1 

LOX 

14.7 

3  Kgf  m 

0.250  in 

1/2 

LOX 

14.7 

1  Kgf  m 

0.250  in 

0/20 

Nylon  "C" 

LOX 

14.7 

10  Kgf  m 

0.001  in 

13/20 

Zytel  Nylon 

LOX 

14.7 

10  Kgf  m 

0.001  in 

10/20 

Zytel  Nylon 

LOX 

14.7 

10  Kgf  m 

0.002  in 

3/20 

Zytel  Nylon 

LOX 

14.7 

10  Kgf  m 

0.004  in 

8/20 

Nylon  Extruded  Rod 

LOX 

14.7 

10  Kgf  m 

0.063  in 

2/2 

LOX 

14.7 

5  Kgf  m 

0.063  in 

2/2 

LOX 

14.7 

2  Kgf  m 

0.063  in 

2/3 

Glass  and  Polyester 

LOX 

14.7 

10  Kgf  m 

2/5 

Plaskon  Alkyd  440 

LOX 

14.7 

5  Kgf  m 

2/13 

Sheet  Plastic 

LOX 

14.7 

1  Kgf  m 

0/2 

Dyed  Polyethylene 

LOX 

14.7 

10  Kgf  m 

0.063  in 

4/11 

LOX 

14.7 

5  Kgf  m 

0.063  in 

2/10 

LOX 

14.7 

3  Kgf  m 

0.063  in 

2/14 

LOX 

14.7 

1  Kgf  m 

0.063  in 

0/20 

Plastic  Steel  Putty  Type  A  LOX 

14.7 

10  Kgf  m 

0.050  in 

5/5 

(80%  steel  20%  epoxy) 

LOX 

14.7 

5  Kgf  m 

0.050  in 

5/5 

LOX 

14.7 

2  Kgf  m 

0.050  in 

9/12 

LOX 

14.7 

1  Kgf  m 

0.050  in 

4/20 

Plexiglass  (PMMA) 

LOX 

14.7 

10  Kgf  m 

2/2 

LOX 

14.7 

5  Kgf  m 

1/3 

LOX 

14.7 

3  Kgf  m 

1/4 

Polyethylene 

LOX 

14.7 

10  Kgf  m 

0.032  in 

4/7 

LOX 

14.7 

5  Kgf  m 

0.032  in 

2/19 

LOX 

14.7 

2  Kgf  m 

0.032  in 

1/3 

LOX 

14.7 

1  Kgf  m 

0.032  in 

0/17 

Polyurethane  Wiping 

LOX 

14.7 

10  Kgf  m 

0.016  in 

2/3 

Material 

LOX 

14.7 

3  Kgf  m 

0.016  in 

2/9 

LOX 

14.7 

1  Kgf  m 

0.016  in 

0/20 

PVC 

LOX 

14.7 

10  Kgf  m 

0.125  in 

2/2 

LOX 

14.7 

5  Kgf  m 

0.125  in 

2/9 

LOX 

14.7 

2  Kgf  m 

0.125  in 

2/14 

LOX 

14.7 

1  Kgf  m 

0.125  in 

0/20 

LOX 

14.7 

10  Kgf  m 

0.063  in 

2/3 

LOX 

14.7 

5  Kgf  m 

0.063  in 

2/3 

LOX 

14.7 

2  Kgf  m 

0.063  in 

2/11 

LOX 

14.7 

3  Kgf  m 

0.063  in 

1/3 

Epoxy  Potting  Compound  LOX 

14.7 

10  Kgf  m 

0.063  in 

1/1 

LOX 

14.7 

5  Kgf  m 

0.063  in 

1/1 

LOX 

14.7 

2  Kgf  m 

0.063  in 

1/1 

LOX 

14.7 

1  Kgf  m 

0.063  in 

1/2 

Polyurethane  PRC  1525 

LOX 

14.7 

10  Kgf  m 

0.063  in 

3/20 

LOX 

14.7 

5  Kgf  m 

0.063  in 

0/20 

Polyurethane  PRC  1525 

LOX 

14.7 

10  Kgf  m 

0.125  in 

3/20 
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Table  2a,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-985  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Polyurethane  PRC  1527 

LOX 

14.7 

10  Kgf  m 

0.125  in 

7/20 

LOX 

14.7 

5  Kgf  m 

0.125  in 

3/20 

Polyurethane  PRC  1527 

LOX 

14.7 

10  Kgf  m 

0.032  in 

11/20 

Polyurethane  PRC  1538 

LOX 

14.7 

10  Kgf  m 

0.063  in 

10/20 

Polyurethane  PRC  1538-TLOX 

14.7 

10  Kgf  m 

0.063  in 

5/20 

LOX 

14.7 

5  Kgf  m 

0.063  in 

1/20 

Phenolic  Epoxy  (PT-201 

LOX 

14.7 

10  Kgf  m 

1/1 

and  Solvent  PT-1001) 

LOX 

14.7 

5  Kgf  m 

1/1 

LOX 

14.7 

2  Kgf  m 

1/2 

Fluorosilicone  Rubber 

LOX 

14.7 

10  Kgf  m 

0.050  in 

2/20 

Q9-0002A  and  B  adhesive 

Fluorosilicone  Rubber 

LOX 

14.7 

10  Kgf  m 

0.050  in 

1/140 

Q9-0046  adhesive 

LOX 

14.7 

10  Kgf  m 

0.025  in 

38/40 

Epoxy  (Relco  50% A 

LOX 

14.7 

10  Kgf  m 

0.063  in 

2/20 

and  50%B) 

Epoxy  (Relco  50% A 

LOX 

14.7 

10  Kgf  m 

0.063  in 

3/5 

and  50%B  and  Grit) 

LOX 

14.7 

5  Kgf  m 

0.063  in 

2/5 

LOX 

14.7 

3  Kgf  m 

0.063  in 

2/3 

LOX 

14.7 

2  Kgf  m 

0.063  in 

1/8 

Scotch  Resin  No  CRP-235LOX 

14.7 

10  Kgf  m 

3/6 

Epoxy  1  part  A  2  Part  B 

LOX 

14.7 

5  Kgf  m 

1/14 

cured  at  30  C  for  1/2  Hr 

Stycast  265 1  Epoxy 

LOX 

14.7 

10  Kgf  m 

0.063  in 

2/2 

LOX 

14.7 

5  Kgf  m 

0.063  in 

2/2 

LOX 

14.7 

3  Kgf  m 

0.063  in 

2/3 

LOX 

14.7 

1  Kgf  m 

0.063  in 

0/20 

Teflon  PTFE 

LOX 

14.7 

10  Kgf  m 

0.002  in 

0/20 

LOX 

14.7 

10  Kgf  m 

0.006  in 

0/20 

Copper  Filled  Teflon 

LOX 

14.7 

10  Kgf  m 

0.028  in 

5/40 

PTEF  adhesive 

PTFE  Teflon 

LOX 

14.7 

10  Kgf  m 

0.032  in 

0/20 

PTFE  Teflon 

LOX 

14.7 

10  Kgf  m 

0.063  in 

0/40 

Pigmented  PTFE  Teflon 

LOX 

14.7 

10  Kgf  m 

2/20 

PTFE  Teflon 

LOX 

14.7 

10  Kgf  m 

0.016  in 

0/20 

FEP  Teflon  Film  0.005  in 

LOX 

14.7 

10  Kgf  m 

0.255  in 

0/40 

between  Two  Pieces  PTFE  Teflon  felt 

FEP  Teflon  Type  544 

LOX 

14.7 

10  Kgf  m 

0.001  in 

0/20 

FEP  Teflon 

LOX 

14.7 

10  Kgf  m 

0.010  in 

0/20 

LOX 

14.7 

10  Kgf  m 

0.021  in 

0/20 

LOX 

14.7 

10  Kgf  m 

0.005  in 

0/20 

PTFE  Teflon 

LOX 

14.7 

10  Kgf  m 

0.001  in 

0/20 

Enamel  852-202 

Viton  A  On  Glass  Fibers 

LOX 

14.7 

10  Kgf  m 

0.011  in 

2/2 

85001 

LOX 

14.7 

5  Kgf  m 

0.011  in 

2/5 

LOX 

14.7 

2  Kgf  m 

0.011  in 

2/3 

Viton  A  On  Dacron  Fabric  LOX 

14.7 

10  Kgf  m 

2/2 

LOX 

14.7 

5  Kgf  m 

2/4 

LOX 

14.7 

1  Kgf  m 

2/11 

Viton  A  Elastomer 

LOX 

14.7 

10  Kgf  m 

0-4/20 

(PVdiFandHexaFPP) 
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Table  2a,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-985  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Epoxy  (XR  5038) 

FOX 

14.7 

10  Kgf  m 

0.063  in 

2/25 

FOX 

14.7 

5  Kgf  m 

0.063  in 

0/35 

Teflon  and  Asbestos 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/40 

Armalon  97-001 

FOX 

14.7 

10  Kgf  m 

0.010  in 

0/20 

0.005  in  PTFE  Fiber  0.005  in  FEP  film 
Armalon  PDX  7550  FOX 

14.7 

10  Kgf  m 

0.125  in 

0/20 

PTFE  felt  and  FEP  Film 

Armalon  No.410-128 

FOX 

14.7 

10  Kgf  m 

0.016  in 

0/20 

Teflon  and  Glass 

Armalon  Teflon 

FOX 

14.7 

10  Kgf  m 

0.016  in 

2/2 

And  Glass 

FOX 

14.7 

5  Kgf  m 

0.016  in 

2/5 

FOX 

14.7 

3  Kgf  m 

0.016  in 

1/13 

Armalon 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

Fluorocarbon  Felt  Bleached  Sheet 

Armalon  FOX 

14.7 

10  Kgf  m 

0.063  in 

2/4 

Fluorocarbon  Felt  UnBleached  Sheet 
Neoprene  Fatex  and  FOX 

14.7 

10  Kgf  m 

0.032  in 

2/3 

Asbestos  Fibers 

FOX 

14.7 

5  Kgf  m 

0.032  in 

2/2 

Duroid  Sheet  3102 

FOX 

14.7 

3  Kgf  m 

0.032  in 

0/14 

Neoprene  Fatex  and 

FOX 

14.7 

10  Kgf  m 

0.032  in 

2/2 

Asbestos  Fibers 

FOX 

14.7 

5  Kgf  m 

0.032  in 

2/2 

Duroid  Sheet  3110 

FOX 

14.7 

3  Kgf  m 

0.032  in 

1/16 

Buna  N  Fatex  and 

FOX 

14.7 

10  Kgf  m 

0.032  in 

2/2 

Asbestos  Fibers 

FOX 

14.7 

5  Kgf  m 

0.032  in 

2/2 

Duroid  3200 

FOX 

14.7 

3  Kgf  m 

0.032  in 

2/3 

Buna  N  Fatex  and 

FOX 

14.7 

10  Kgf  m 

0.032  in 

2/2 

Asbestos  Fibers 

FOX 

14.7 

5  Kgf  m 

0.032  in 

2/2 

Duroid  3210 

FOX 

14.7 

3  Kgf  m 

0.032  in 

2/16 

Buna  S  Fatex  and 

FOX 

14.7 

10  Kgf  m 

0.032  in 

2/2 

Asbestos  Fibers 

FOX 

14.7 

5  Kgf  m 

0.032  in 

2/2 

Duroid  3300 

FOX 

14.7 

3  Kgf  m 

0.032  in 

2/16 

Buna  S  Fatex  and 

FOX 

14.7 

10  Kgf  m 

0.032  in 

2/3 

Asbestos  Fibers 

FOX 

14.7 

5  Kgf  m 

0.032  in 

2/3 

Duroid  3310 

FOX 

14.7 

3  Kgf  m 

0.032  in 

0/14 

Buna  S  Fatex  and 

FOX 

14.7 

10  Kgf  m 

0.063  in 

2/2 

Asbestos  Fibers 

FOX 

14.7 

5  Kgf  m 

0.063  in 

2/6 

Duroid  3350 

FOX 

14.7 

3  Kgf  m 

0.063  in 

0/11 

Viton  A  and  Asbestos 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

Fibers  Duroid  3400 

Teflon  and  Ceramic 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

Fibers  Duroid  5600 

Teflon  and  Asbestos 

FOX 

14.7 

10  Kgf  m 

0.030  in 

0/20 

Fluorobestos  FS-7598 

Teflon  and  Asbestos 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

Unsintered 

Fluorogreen  E-600 

FOX 

14.7 

10  Kgf  m 

0.063  in 

0/60 

Teflon  and  Inorganic  filler 

Asbestos  and  Rubber  FOX 

14.7 

10  Kgf  m 

0.063  in 

2/2 

Composite  (Garlock  900)  FOX 

14.7 

5  Kgf  m 

0.063  in 

2/3 

FOX 

14.7 

2  Kgf  m 

0.063  in 

2/4 
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Table  2a,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-985  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Teflon  Reinforced  With 

LOX 

14.7 

10  Kgf  m 

0.032  in 

0/20 

Glass  Fiber  (Lo  Flo  Sheet) 

Teflon  Reinforced  With 

LOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

Ground  Glass  (Lo  Flo  Sheet) 

Asbestos  and  Rubber 

LOX 

14.7 

10  Kgf  m 

0.063  in 

2/2 

Composite 

LOX 

14.7 

5  Kgf  m 

0.063  in 

2/3 

(Garlock  7021) 

LOX 

14.7 

2  Kgf  m 

0.063  in 

2/2 

LOX 

14.7 

1  Kgf  m 

0.063  in 

0/2 

Asbestos  And  Neoprene 

LOX 

14.7 

10  Kgf  m 

0.063  in 

2/2 

Rubber  (Garlock  7228) 

LOX 

14.7 

5  Kgf  m 

0.063  in 

0/14 

Teflon  Impregnated 

LOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

With  Asbestos 

Asbestos  With  Sulfur  free 

LOX 

14.7 

10  Kgf  m 

0.063  in 

0/20 

neoprene  binder 

Asbestos  With  Sulfur  free 

LOX 

14.7 

10  Kgf  m 

0.094  in 

4/20 

neoprene  binder 

Teflon  impregnated  with 

LOX 

14.7 

10  Kgf  m 

0.125  in 

0/40 

asbestos  cloth 

Teflon  impregnated  with 

LOX 

14.7 

10  Kgf  m 

0.063  in 

0/40 

asbestos  cloth 

Polyglycol  15-200 

LOX 

14.7 

10  Kgf  m 

2/12 

Polyoxyalkylene  ethers  with  methyl  side  chains  and  terminal  hydroxyl  groups 

Polypropylene  glycol 

LOX 

14.7 

10  Kgf  m 

1/20 

174-500 

Polypropylene  glycol 

LOX 

14.7 

10  Kgf  m 

2/20 

P-400 

Polypropylene  glycol 

LOX 

14.7 

10  Kgf  m 

2/2 

P-2000 

Quartz  (Clear  Fused) 

LOX 

14.7 

10  Kgf  m 

0/20 

Table  2b,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-53533 

Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

DC  33  (Silicone  Grease) 

LOX 

14.7 

10  Kgfm 

0.050  in 

4/20 

LOX 

14.7 

7.62  Kgfm 

0.050  in 

3/20 

LOX 

14.7 

5.54  Kgfm 

0.050  in 

1/20 

LOX 

14.7 

4.16  Kgfm 

0.050  in 

1/20 

LOX 

14.7 

3.46  Kgfm 

0.050  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

6/20 

LOX 

14.7 

7.62  Kgfm 

0.050  in 

5/20 

LOX 

14.7 

5.54  Kgfm 

0.050  in 

2/20 

LOX 

14.7 

4.16  Kgfm 

0.050  in 

1/20 

LOX 

14.7 

3.46  Kgfm 

0.050  in 

0/20 

Drilube  Type  822 

LOX 

14.7 

10  Kgfm 

0.050  in 

2/20 

(Fluorinated  Silicone) 

FS-1280 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/60 

(Fluorosilcone) 

FS-1281 

LOX 

14.7 

10  Kgfm 

0.050  in 

33/722 

Various  batches  of  (Fluorosilicone) 

Kel  F  90  Grease 

LOX 

14.7 

10  Kgfm 

0.050  in 

1/120 

Anaconda  AI-200 

LOX 

14.7 

10  Kgfm 

0.005  in 

6/20 

Magnet  Wire  (Amide-Imide  copolymer  on  Copper) 
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Table  2b,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-53533  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Styrofoam 

LOX 

14.7 

10 

Kgftn 

0.401  in 

4/20 

LOX 

14.7 

8 

Kgftn 

0.401  in 

3/20 

LOX 

14.7 

6 

Kgfm 

0.401  in 

4/20 

LOX 

14.7 

4 

Kgfm 

0.401  in 

8/20 

LOX 

14.7 

2 

Kgfm 

0.401  in 

10/20 

LOX 

14.7 

1 

Kgfm 

0.401  in 

7/20 

Styrofoam 

LOX 

14.7 

10 

Kgfm 

0.401  in 

2/20 

LOX 

14.7 

8 

Kgfm 

0.401  in 

2/20 

LOX 

14.7 

6 

Kgfm 

0.401  in 

5/20 

LOX 

14.7 

4 

Kgfm 

0.401  in 

10/20 

LOX 

14.7 

2 

Kgfm 

0.401  in 

16/20 

LOX 

14.7 

1 

Kgfm 

0.401  in 

7/20 

Aclar  22C 

LOX 

14.7 

10 

Kgfm 

0.0015  in 

0/20 

Aclar  33C 

LOX 

14.7 

10 

Kgfm 

0.001  in 

0/20 

(Fluorochloropolymer) 

LOX 

14.7 

10 

Kgfm 

0.002  in 

0/20 

LOX 

14.7 

10 

Kgfm 

0.005  in 

0/20 

CS2727  Epoxy  100  gms 

LOX 

14.7 

10 

Kgfm 

0.050  in 

9/20 

and  9817  Accelerator 

LOX 

14.7 

8 

Kgfm 

0.050  in 

8/20 

27  gms  72  hrs  air  dry 

LOX 

14.7 

6 

Kgfm 

0.050  in 

6/20 

(Chem-seal  Corporation)  LOX 

14.7 

4 

Kgfm 

0.050  in 

6/20 

Eimac  22 1 

LOX 

14.7 

10 

Kgfm 

0.2  in 

6/20 

(Para  polyphenyl) 

Silicone 

LOX 

14.7 

10 

Kgfm 

0.050  in 

16/20 

(Air  dried  72  hrs) 

LOX 

14.7 

8 

Kgfm 

0.050  in 

10/20 

LOX 

14.7 

6 

Kgfm 

0.050  in 

9/20 

LOX 

14.7 

4 

Kgfm 

0.050  in 

8/20 

LOX 

14.7 

2 

Kgfm 

0.050  in 

4/20 

Ethyl  Cellulose 

LOX 

14.7 

10 

Kgfm 

0.005  in 

17/20 

LOX 

14.7 

8 

Kgfm 

0.005  in 

9/20 

LOX 

14.7 

6 

Kgfm 

0.005  in 

8/20 

LOX 

14.7 

4 

Kgfm 

0.005  in 

3/20 

LOX 

14.7 

2 

Kgfm 

0.005  in 

0/20 

Ethyl  Cellulose 

LOX 

14.7 

10 

Kgfm 

0.010  in 

19/20 

LOX 

14.7 

8 

Kgfm 

0.010  in 

16/20 

LOX 

14.7 

6 

Kgfm 

0.010  in 

10/20 

LOX 

14.7 

4 

Kgfm 

0.010  in 

6/20 

LOX 

14.7 

2 

Kgfm 

0.010  in 

0/20 

Ethyl  Cellulose 

LOX 

14.7 

10 

Kgfm 

0.020  in 

18/20 

LOX 

14.7 

8 

Kgfm 

0.020  in 

11/20 

LOX 

14.7 

6 

Kgfm 

0.020  in 

12/20 

LOX 

14.7 

4 

Kgfm 

0.020  in 

7/20 

LOX 

14.7 

2 

Kgfm 

0.020  in 

0/20 

Ethyl  Cellulose 

LOX 

14.7 

10 

Kgfm 

0.030  in 

16/20 

LOX 

14.7 

8 

Kgfm 

0.030  in 

14/20 

LOX 

14.7 

6 

Kgfm 

0.030  in 

11/20 

LOX 

14.7 

4 

Kgfm 

0.030  in 

7/20 

LOX 

14.7 

2 

Kgfm 

0.030  in 

3/20 

LOX 

14.7 

2 

Kgfm 

0.030  in 

1/20 
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Table  2b,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-53533  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Ethyl  Cellulose 

LOX 

14.7 

10  Kgfm 

0.050  in 

16/20 

LOX 

14.7 

8  Kgfm 

0.050  in 

12/20 

LOX 

14.7 

6  Kgfm 

0.050  in 

7/20 

LOX 

14.7 

4  Kgfm 

0.050  in 

4/20 

LOX 

14.7 

2  Ik  grin 

0.050  in 

2/20 

LOX 

14.7 

2  Kgfm 

0.050  in 

0/20 

Ethyl  Cellulose 

LOX 

14.7 

10  Kgfm 

0.060  in 

14/20 

LOX 

14.7 

8  Kgfm 

0.060  in 

10/20 

LOX 

14.7 

6  Kgfm 

0.060  in 

9/20 

LOX 

14.7 

4  Kgfm 

0.060  in 

3/20 

LOX 

14.7 

2  Kgfm 

0.060  in 

0/20 

Ethyl  Cellulose 

LOX 

14.7 

10  Kgfm 

0.080  in 

17/20 

LOX 

14.7 

8  Kgfm 

0.080  in 

13/20 

LOX 

14.7 

6  Kgfm 

0.080  in 

9/20 

LOX 

14.7 

4  Kgfm 

0.080  in 

2/20 

LOX 

14.7 

2  Kgfm 

0.080  in 

0/20 

Teflon  with 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

0.05%  carbon  black 
Teflon 

LOX 

14.7 

10  Kgfm 

0.010  in 

1/60 

KelF 

LOX 

14.7 

10  Kgfm 

0.042  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.63  in 

0/20 

Kel  F  800  Spray  Coated 

LOX 

14.7 

10  Kgfm 

0/20 

Kel  F  Unplasticized 

LOX 

14.7 

10  Kgfm 

0.075  in 

0/20 

Mylar  (Polyester) 

LOX 

14.7 

10  Kgfm 

17/20 

Mylar  (Polyester) 

LOX 

14.7 

10  Kgfm 

0.08  in 

7/20 

(Doped  with  10%FEP  90%  PET) 

Mylar  A  (Trike  Cleaned)  LOX 

14.7 

10  Kgfm 

0.003  in 

4/20 

LOX 

14.7 

7.62  Kgfm 

0.003  in 

1/20 

LOX 

14.7 

6.93  Kgfm 

0.003  in 

1/40 

LOX 

14.7 

6.24  Kgfm 

0.003  in 

1/40 

LOX 

14.7 

5.54  Kgfm 

0.003  in 

0/20 

Mylar  A 

LOX 

14.7 

10  Kgfm 

0.005  in 

50/100 

LOX 

14.7 

8  Kgfm 

0.005  in 

44/100 

LOX 

14.7 

6  Kgfm 

0.005  in 

34/100 

LOX 

14.7 

4  Kgfm 

0.005  in 

10/100 

LOX 

14.7 

2  Kgfm 

0.005  in 

3/100 

Mylar  A  (Trike  Cleaned) 

LOX 

14.7 

10  Kgfm 

0.005  in 

5/20 

LOX 

14.7 

7.62  Kgfm 

0.005  in 

5/20 

LOX 

14.7 

5.54  Kgfm 

0.005  in 

2/20 

LOX 

14.7 

4.16  Kgfm 

0.005  in 

1/20 

LOX 

14.7 

3.46  Kgfm 

0.005  in 

2/40 

LOX 

14.7 

2.08  Kgfm 

0.005  in 

1/20 

Mylar  A 

LOX 

14.7 

10  Kgfm 

0.005  in 

2/120 

Mylar  A  (Trike  Cleaned) 

LOX 

14.7 

10  Kgfm 

0.0075  in 

2/20 

LOX 

14.7 

7.62  Kgfm 

0.0075  in 

5/20 

LOX 

14.7 

6.93  Kgfm 

0.0075  in 

1/20 

LOX 

14.7 

6.24  Kgfm 

0.0075  in 

1/40 

LOX 

14.7 

5.54  Kgfm 

0.0075  in 

1/40 

LOX 

14.7 

3.46  Kgfm 

0.0075  in 

1/20 

LOX 

14.7 

2.77  Kgfm 

0.0075  in 

1/40 
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Table  2b,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-53533  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Mylar  A  (Trike  Cleaned) 

LOX 

14.7 

10  Kgfm 

0.010  in 

7/20 

LOX 

14.7 

7.62  Kgfm 

0.010  in 

7/20 

LOX 

14.7 

6.93  Kgfm 

0.010  in 

2/20 

LOX 

14.7 

6.24  Kgfm 

0.010  in 

2/20 

LOX 

14.7 

5.54  Kgfm 

0.010  in 

2/40 

LOX 

14.7 

4.85  Kgfm 

0.010  in 

1/20 

LOX 

14.7 

4.16  Kgfm 

0.010  in 

1/60 

LOX 

14.7 

3.46  Kgfm 

0.010  in 

0/40 

Mylar  D 

LOX 

14.7 

10  Kgfm 

0.003  in 

2/20 

LOX 

14.7 

8  Kgfm 

0.003  in 

1/20 

Mylar  D  (Trike  Cleaned) 

LOX 

14.7 

10  Kgfm 

0.003  in 

5/20 

LOX 

14.7 

7.62  Kgfm 

0.003  in 

4/20 

LOX 

14.7 

6.93  Kgfm 

0.003  in 

1/20 

LOX 

14.7 

6.24  Kgfm 

0.003  in 

1/20 

LOX 

14.7 

5.54  Kgfm 

0.003  in 

0/60 

Mylar  D  (Trike  Cleaned) 

LOX 

14.7 

10  Kgfm 

0.005  in 

3/20 

LOX 

14.7 

7.85  Kgfm 

0.005  in 

2/20 

LOX 

14.7 

6.93  Kgfm 

0.005  in 

1/20 

LOX 

14.7 

6.24  Kgfm 

0.005  in 

2/20 

LOX 

14.7 

5.54  Kgfm 

0.005  in 

2/60 

LOX 

14.7 

3.46  Kgfm 

0.005  in 

1/20 

LOX 

14.7 

2.77  Kgfm 

0.005  in 

1/60 

LOX 

14.7 

2.08  Kgfm 

0.005  in 

0/20 

Mylar  D  (Trike  Cleaned) 

LOX 

14.7 

10  Kgfm 

0.0075  in 

3/20 

LOX 

14.7 

7.62  Kgfm 

0.0075  in 

1/20 

LOX 

14.7 

5.54  Kgfm 

0.0075  in 

3/40 

LOX 

14.7 

4.85  Kgfm 

0.0075  in 

1/20 

LOX 

14.7 

4.16  Kgfm 

0.0075  in 

1/20 

LOX 

14.7 

3.46  Kgfm 

0.0075  in 

0/60 

Mylar  D 

LOX 

14.7 

10  Kgfm 

0.010  in 

14/20 

LOX 

14.7 

8  Kgfm 

0.010  in 

11/20 

LOX 

14.7 

6  Kgfm 

0.010  in 

11/20 

LOX 

14.7 

4  Kgfm 

0.010  in 

9/20 

LOX 

14.7 

2  Kgfm 

0.010  in 

2/20 

LOX 

14.7 

1  Kgfm 

0.010  in 

0/20 

Mylar  D  (Trike  Cleaned) 

LOX 

14.7 

10  Kgfm 

0.010  in 

10/20 

LOX 

14.7 

7.62  Kgfm 

0.010  in 

8/20 

LOX 

14.7 

5.54  Kgfm 

0.010  in 

6/20 

LOX 

14.7 

3.46  Kgfm 

0.010  in 

1/20 

LOX 

14.7 

2.08  Kgfm 

0.010  in 

2/20 

LOX 

14.7 

1.39  Kgfm 

0.010  in 

0/20 

Neoprene  Rubber  A-522 

LOX 

14.7 

10  Kgfm 

0.065  in 

3/20 

LOX 

14.7 

8  Kgfm 

0.065  in 

3/20 

LOX 

14.7 

6  Kgfm 

0.065  in 

0/20 

Nitroso  Copolymer 

LOX 

14.7 

10  Kgfm 

0.190  in 

0/12 

Nitroso  Vulcanizate 

LOX 

14.7 

10  Kgfm 

0.080  in 

1/6 

Nylon 

LOX 

14.7 

1 0  Kgfm 

0.004  in 

2/40 

RTV-S-53V-70  Foam 

LOX 

14.7 

10  Kgfm 

0.400  in 

20/20 

LOX 

14.7 

8  Kgfm 

0.400  in 

20/20 

LOX 

14.7 

6  Kgfm 

0.400  in 

20/20 

LOX 

14.7 

4  Kgfm 

0.400  in 

20/20 

LOX 

14.7 

2  Kgfm 

0.400  in 

11/20 

LOX 

14.7 

1  Kgfm 

0.400  in 

0/20 
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Table  2b,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-53533  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions 

/  Impacts 

Rulon  A  Lot  PA-2 

LOX 

14.7 

10 

Kgfin 

0.050  in 

0/20 

Fluorosilicone  S-2273 

LOX 

14.7 

10 

Kgfin 

0.200  in 

10/20 

(Rubber) 

Silastic  RTV  94-002 

LOX 

14.7 

10 

Kgfin 

0.111  in 

7/20 

(Lot  162116  Cured  30  days  at  1 10  C) 

SP-1  Unfilled 

LOX 

14.7 

10 

Kgfin 

0.050  in 

0/20 

(Polyimide) 

SP-21  15%  Graphite  Fill 

LOX 

14.7 

10 

Kgfin 

0.050  in 

0/20 

SP-41  40%  Bronze  Fill 

LOX 

14.7 

10 

Kgfin 

0.050  in 

0/20 

Teflon  Fiber  400-60-0 

LOX 

14.7 

10 

Kgfin 

6/40 

Teflon  Fiber  1350-180-0 

LOX 

14.7 

10 

Kgfin 

0/20 

Teflon  Hose  #1 

LOX 

14.7 

10 

Kgfin 

0.070  in 

0/20 

Teflon  Hose  #2 

LOX 

14.7 

10 

Kgfin 

0.070  in 

0/20 

Teflon  Sewing  Thread 

LOX 

14.7 

10 

Kgfin 

14/20 

Tenite  II 

LOX 

14.7 

10 

Kgfin 

0.040  in 

2/20 

(Cellulose  Acetate 

LOX 

14.7 

8 

Kgfin 

0.040  in 

5/20 

Butyrate) 

LOX 

14.7 

6 

Kgfin 

0.040  in 

4/20 

LOX 

14.7 

4 

Kgfin 

0.040  in 

3/20 

LOX 

14.7 

2 

Kgfin 

0.040  in 

0/20 

Viton  A 

LOX 

14.7 

10 

Kgfin 

0.125  in 

0/20 

Viton  A,  A-34470 

LOX 

14.7 

10 

Kgfin 

0.065  in 

0/20 

Viton  A  Compound 

LOX 

14.7 

10 

Kgfin 

0.047  in 

2/20 

V702-0 

Viton  A  Compound 

LOX 

14.7 

10 

Kgfin 

0.144  in 

0/20 

17107A 

Carbon  Seal  from 

LOX 

14.7 

10 

Kgfin 

0.062  in 

0/20 

Bingham  LOX  Pump  Seal 

Carbon  Seal  from 

LOX 

14.7 

10 

Kgfin 

0.062  in 

5/20 

Bingham  LOX  Pump  Seal  Ground  To  Powder 

Fluorogreen  E-600 

LOX 

14.7 

10 

Kgfin 

0.062  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.065  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.066  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.072  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.080  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.120  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.125  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.130  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.132  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.135  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.150  in 

0/20 

F-33  Detergent 

LOX 

14.7 

10 

Kgfin 

0.5  ml 

2/20 

Concentrate 

Table  2c,  LOX  Compatibility  Of  Composites  Tested  Via 

D2512  Mechanical  Impact:  NASA  TM  X-53773 

Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions 

/  Impacts 

DC  94-018 

LOX 

14.7 

10 

Kgf  m 

0.050  in 

2/20 

Fluorosilicone 

LOX 

14.7 

10 

Kgfin 

0.075  in 

0/20 

LOX 

14.7 

10 

Kgfin 

0.106  in 

4/20 

DC  94-018 

LOX 

14.7 

10 

Kgfin 

0.050  in 

5/20 

Fluorosilicone 

LOX 

14.7 

10 

Kgfin 

0.084  in 

4/20 

LOX 

14.7 

10 

Kgfin 

0.100  in 

4/20 
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Table  2c,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-53773,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Eimac  22 1  (Polyphenyl) 

LOX 

14.7 

10  Kgfm 

0.280  in 

6/20 

Epoxy 

LOX 

14.7 

10  Kgfm 

0.35in 

11/20 

Ethylene  Propylene 

LOX 

14.7 

10  Kgfm 

0.078  in 

7/20 

Polyvinylchloride 

LOX 

14.7 

10  Kgfm 

0.080  in 

5/20 

LOX 

14.7 

7.7  Kgf  m 

0.080  in 

2/20 

LOX 

14.7 

7.0  Kgf  m 

0.080  in 

0/20 

LOX 

14.7 

5.6  Kgf  m 

0.080  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.060  in 

6/20 

LOX 

14.7 

7.7  Kgf  m 

0.060  in 

5/20 

LOX 

14.7 

5.6  Kgf  m 

0.060  in 

4/20 

LOX 

14.7 

4.9  Kgf  m 

0.060  in 

1/20 

LOX 

14.7 

4.2  Kgf  m 

0.060  in 

0/20 

LOX 

14.7 

3.5  Kgf  m 

0.060  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

2/20 

LOX 

14.7 

7.7  Kgf  m 

0.050  in 

1/20 

LOX 

14.7 

5.6  Kgf  m 

0.050  in 

5/20 

LOX 

14.7 

4.9  Kgf  m 

0.050  in 

3/20 

LOX 

14.7 

2.8  Kgf  m 

0.050  in 

1/20 

LOX 

14.7 

2.1  Kgfm 

0.050  in 

0/20 

LOX 

14.7 

1 .4  Kgf  m 

0.050  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.040  in 

6/20 

LOX 

14.7 

7.7  Kgf  m 

0.040  in 

5/20 

LOX 

14.7 

5.6  Kgf  m 

0.040  in 

3/20 

LOX 

14.7 

2.8  Kgf  m 

0.040  in 

0/20 

LOX 

14.7 

2.1  Kgfm 

0.040  in 

0/20 

LOX 

14.7 

1 .4  Kgf  m 

0.040  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.030  in 

9/20 

LOX 

14.7 

7.7  Kgf  m 

0.030  in 

5/20 

LOX 

14.7 

5.6  Kgf  m 

0.030  in 

6/20 

LOX 

14.7 

3.5  Kgf  m 

0.030  in 

2/20 

LOX 

14.7 

2.8  Kgf  m 

0.030  in 

0/20 

LOX 

14.7 

2.1  Kgfm 

0.030  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.020  in 

10/20 

LOX 

14.7 

7.7  Kgf  m 

0.020  in 

10/20 

LOX 

14.7 

5.6  Kgf  m 

0.020  in 

7/20 

LOX 

14.7 

3.5  Kgf  m 

0.020  in 

3/20 

LOX 

14.7 

2.8  Kgf  m 

0.020  in 

1/20 

LOX 

14.7 

2.1  Kgfm 

0.020  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.010  in 

11/20 

LOX 

14.7 

7.7  Kgf  m 

0.010  in 

8/20 

LOX 

14.7 

5.6  Kgf  m 

0.010  in 

8/20 

LOX 

14.7 

3.5  Kgf  m 

0.010  in 

3/20 

LOX 

14.7 

1 .4  Kgf  m 

0.010  in 

2/20 

LOX 

14.7 

0.7  Kgf  m 

0.010  in 

1/20 

Fiberglass  Epoxy  Pipe 

LOX 

14.7 

10  Kgfm 

0.22  in 

20/20 

Polyethylene 

LOX 

14.7 

10  Kgfm 

0.006  in 

88/100 

LOX 

14.7 

8  Kgf  m 

0.006  in 

50/100 

LOX 

14.7 

6  Kgf  m 

0.006  in 

42/100 

LOX 

14.7 

4  Kgf  m 

0.006  in 

30/100 

LOX 

14.7 

2  Kgf  m 

0.006  in 

9/100 

LOX 

14.7 

1  Kgf  m 

0.006  in 

0/100 
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Table  2c,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-53773,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Ceramic  Filled  PTFE 

LOX 

14.7 

10  Kgfm 

0.025  in 

4/20 

Neoprene  Rubber 

LOX 

14.7 

10  Kgfm 

0.040  in 

16/20 

LOX 

14.7 

7.7  Kgf  m 

0.040  in 

10/20 

LOX 

14.7 

5.6  Kgf  m 

0.040  in 

8/20 

LOX 

14.7 

4.9  Kgf  m 

0.040  in 

2/20 

LOX 

14.7 

4.2  Kgf  m 

0.040  in 

2/20 

LOX 

14.7 

3.5  Kgf  m 

0.040  in 

0/20 

LOX 

14.7 

2.8  Kgf  m 

0.040  in 

0/20 

Polypropylene 

LOX 

14.7 

10  Kgfm 

0.080  in 

15/20 

LOX 

14.7 

7.7  Kgf  m 

0.080  in 

12/20 

LOX 

14.7 

5.6  Kgf  m 

0.080  in 

4/20 

LOX 

14.7 

4.9  Kgf  m 

0.080  in 

2/20 

LOX 

14.7 

4.2  Kgf  m 

0.080  in 

0/20 

LOX 

14.7 

3.5  Kgf  m 

0.080  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.060  in 

17/20 

LOX 

14.7 

7.7  Kgf  m 

0.060  in 

12/20 

LOX 

14.7 

5.6  Kgf  m 

0.060  in 

6/20 

LOX 

14.7 

3.5  Kgf  m 

0.060  in 

3/20 

LOX 

14.7 

2.8  Kgf  m 

0.060  in 

1/20 

LOX 

14.7 

1 .4  Kgf  m 

0.060  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

17/20 

LOX 

14.7 

7.7  Kgf  m 

0.050  in 

12/20 

LOX 

14.7 

5.6  Kgf  m 

0.050  in 

8/20 

LOX 

14.7 

3.5  Kgf  m 

0.050  in 

7/20 

LOX 

14.7 

1 .4  Kgf  m 

0.050  in 

2/20 

LOX 

14.7 

10  Kgfm 

0.040  in 

18/20 

LOX 

14.7 

7.7  Kgf  m 

0.040  in 

15/20 

LOX 

14.7 

5.6  Kgf  m 

0.040  in 

9/20 

LOX 

14.7 

3.5  Kgf  m 

0.040  in 

7/20 

LOX 

14.7 

1 .4  Kgf  m 

0.040  in 

3/20 

LOX 

14.7 

10  Kgfm 

0.030  in 

18/20 

LOX 

14.7 

7.7  Kgf  m 

0.030  in 

17/20 

LOX 

14.7 

5.6  Kgf  m 

0.030  in 

14/20 

LOX 

14.7 

3.5  Kgf  m 

0.030  in 

14/20 

LOX 

14.7 

1 .4  Kgf  m 

0.030  in 

8/20 

LOX 

14.7 

10  Kgfm 

0.020  in 

19/20 

LOX 

14.7 

7.7  Kgf  m 

0.020  in 

18/20 

LOX 

14.7 

5.6  Kgf  m 

0.020  in 

15/20 

LOX 

14.7 

3.5  Kgf  m 

0.020  in 

14/20 

LOX 

14.7 

1 .4  Kgf  m 

0.020  in 

8/20 

LOX 

14.7 

10  Kgfm 

0.010  in 

18/20 

LOX 

14.7 

7.7  Kgf  m 

0.010  in 

18/20 

LOX 

14.7 

5.6  Kgf  m 

0.010  in 

16/20 

LOX 

14.7 

3.5  Kgf  m 

0.010  in 

12/20 

LOX 

14.7 

1 .4  Kgf  m 

0.010  in 

8/20 

LOX 

14.7 

0.7  Kgf  m 

0.010  in 

3/20 

Polysulfide 

LOX 

14.7 

10  Kgfm 

0.017  in 

20/20 

Plaskon  (PTFCE) 

LOX 

14.7 

10  Kgfm 

0.080  in 

2/20 

Polypropylene 

LOX 

14.7 

10  Kgfm 

0.063  in 

20/20 

Polyphenylene  Oxide 

LOX 

14.7 

10  Kgfm 

0.065  in 

20/20 

Polyimide 

LOX 

14.7 

10  Kgfm 

0.005  in 

0/40 

Rulon  (Filled  PTFE) 

LOX 

14.7 

10  Kgfm 

0.063  in 

0/20 
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Table  2c,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-53773,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Scotch  Ply  Tape  1002 

LOX 

14.7 

10  Kgfm 

0.113  in 

20/20 

(Epoxy  Resin  w/non 

LOX 

14.7 

4  Kgf  m 

0.113  in 

20/20 

woven  glass  filament) 

Vespel  SP-1  (Polyimide) 

LOX 

14.7 

10  Kgfm 

0.050  in 

6/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

1/60 

LOX 

14.7 

10  Kgfm 

0.050  in 

4/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

3/20 

Vespel  SP-3  (Polyimide) 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

Vespel  SP21  (Polyimide 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

W/15%  graphite) 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

Vespel  SP-21  (Polyimide 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

w/10%  graphite) 

Vespel  SP-21  (Polyimide 

LOX 

14.7 

10  Kgfm 

0.050  in 

0/20 

w/5%  graphite) 

Viton  Molded  Dies 

LOX 

14.7 

10  Kgfm 

0.070  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.070  in 

2/20 

Viton  Strips 

LOX 

14.7 

10  Kgfm 

0.070  in 

0/20 

Viton  Discs 

LOX 

14.7 

10  Kgfm 

0.070  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.070  in 

0/20 

LOX 

14.7 

10  Kgfm 

0.070  in 

0/20 

Viton  A  New 

LOX 

14.7 

10  Kgfm 

0.070  in 

2/20 

Viton  A  Old 

LOX 

14.7 

10  Kgfm 

0.070  in 

5/20 

Viton  A 

LOX 

14.7 

10  Kgfm 

0.070  in 

5/20 

Ceramic  Filled  Teflon 

LOX 

14.7 

10  Kgfm 

0.025  in 

4/20 

PTFE-FEP  Composite 

LOX 

14.7 

10  Kgfm 

0.125  in 

0/20 

Rulon  A 

LOX 

14.7 

10  Kgfm 

0.063  in 

0/20 

Activated  Charcoal 

LOX 

14.7 

10  Kgfm 

0.050  in 

30/40 

LOX 

14.7 

5.6  Kgf  m 

0.050  in 

11/20 

LOX 

14.7 

3.5  Kgf  m 

0.050  in 

2/20 

LOX 

14.7 

1 .4  Kgf  m 

0.050  in 

4/20 

LOX 

14.7 

0.7  Kgf  m 

0.050  in 

1/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

12/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

12/20 

LOX 

14.7 

7.7  Kgf  m 

0.050  in 

10/20 

LOX 

14.7 

5.6  Kgf  m 

0.050  in 

10/20 

LOX 

14.7 

3.5  Kgf  m 

0.050  in 

13/20 

LOX 

14.7 

1 .4  Kgf  m 

0.050  in 

9/20 

LOX 

14.7 

0.7  Kgf  m 

0.050  in 

3/20 

LOX 

14.7 

10  Kgfm 

0.050  in 

4/20 

LOX 

14.7 

7.7  Kgf  m 

0.050  in 

2/20 

LOX 

14.7 

6.7  Kgf  m 

0.050  in 

1/20 

LOX 

14.7 

5.6  Kgf  m 

0.050  in 

0/20 

Paper 

LOX 

14.7 

10  Kgfm 

0.009  in 

7/20 

Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471 1 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Teflon 

LOX 

14.7 

10  Kgfm 

0.0035 

0/40 

Sintered  Teflon 

LOX 

14.7 

10  Kgfm 

0.004 

0/20 

LOX 

14.7 

10  Kgfm 

0.003 

0/340 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Teflon 

LOX 

14.7 

10 

Kgf  m 

0.010 

0/20 

TFE  Teflon 

LOX 

14.7 

10 

Kgf  m 

0.003 

0/20 

Amide-imide  copolymer 

LOX 

14.7 

10 

Kgf  m 

0.001 

8/20 

on  0.00 8 in  Aluminum 

Amide-imide  coploymer 

LOX 

14.7 

10 

Kgf  m 

0.007 

6/20 

On  0.02  in  Aluminum 

Amide-imide  copolymer 

LOX 

14.7 

10 

Kgf  m 

0.005 

6/20 

On  Copper 

Phenolic  resin,  fiberglass 

LOX 

14.7 

10 

Kgf  m 

0.313 

2/2 

honeycomb,  epoxy 

LOX 

14.7 

5 

Kgf  m 

0.313 

11/11 

fiberglass  sealer,  epoxy 

LOX 

14.7 

2 

Kgf  m 

0.313 

20/20 

adhesive 

LOX 

14.7 

1 

Kgf  m 

0.313 

7/20 

LOX 

14.7 

X/2 

Kgf  m 

0.313 

0/20 

Isocyanate  Foam 

LOX 

14.7 

10 

Kgf  m 

0.100 

3/20 

LOX 

14.7 

10 

Kgf  m 

0.500 

10/20 

LOX 

14.7 

10 

Kgf  m 

0.250 

4/20 

LOX 

14.7 

10 

Kgf  m 

0.250 

2/20 

LOX 

14.7 

10 

Kgf  m 

0.500 

7/20 

Polyurethane 

LOX 

14.7 

10 

Kgf  m 

0.250 

3/40 

LOX 

14.7 

9 

Kgf  m 

0.250 

2/40 

LOX 

14.7 

8 

Kgf  m 

0.250 

2/20 

LOX 

14.7 

7 

Kgf  m 

0.250 

0/20 

LOX 

14.7 

5 

Kgf  m 

0.250 

0/20 

Filled  Polyurethane 

LOX 

14.7 

10 

Kgf  m 

0.075 

0/20 

Fiberglass  Braid 

EPI  Resin  560 

LOX 

14.7 

10 

Kgf  m 

0.005 

9/20 

Applied  to  0.012  in  copper  (Epoxy) 

EPI  Resin  560 

LOX 

14.7 

10 

Kgf  m 

0.001 

9/20 

Applied  to  0.008  in  A1  (Epoxy) 

Hexcell  91LD 

LOX 

14.7 

10 

Kgf  m 

0.063 

20/20 

Honeycomb  phenolic 

LOX 

14.7 

5 

Kgf  m 

0.063 

20/20 

Epoxy 

LOX 

14.7 

3 

Kgf  m 

0.063 

20/20 

LOX 

14.7 

1 

Kgf  m 

0.063 

15/20 

Polyurethane 

LOX 

14.7 

10 

Kgf  m 

0.250 

20/20 

LOX 

14.7 

5 

Kgf  m 

0.250 

19/20 

LOX 

14.7 

3 

Kgf  m 

0.250 

8/20 

LOX 

14.7 

2 

Kgf  m 

0.250 

0/20 

Polyurethane  foam 

LOX 

14.7 

10 

Kgf  m 

0.050 

34/40 

Quartz  spheres  and 

LOX 

14.7 

10 

Kgf  m 

0.125 

15/20 

Epoxy 

LOX 

14.7 

7 

Kgf  m 

0.125 

7/20 

LOX 

14.7 

5 

Kgf  m 

0.125 

2/20 

LOX 

14.7 

3 

Kgf  m 

0.125 

0/20 

Silicone 

LOX 

14.7 

10 

Kgf  m 

0.250 

4/20 

LOX 

14.7 

5 

Kgf  m 

0.250 

3/20 

LOX 

14.7 

3 

Kgf  m 

0.250 

0/20 

Phenylated  Nylon 

LOX 

14.7 

10 

Kgf  m 

11/20 

LOX 

14.7 

5 

Kgf  m 

8/10 

LOX 

14.7 

3 

Kgf  m 

4/10 

Araldrite  6010 

LOX 

14.7 

10 

Kgf  m 

0.050 

3/3 

And  catalyst  125 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/4 

LOX 

14.7 

2 

Kgf  m 

0.050 

2/2 

Armalon  PDX  7700B 

LOX 

14.7 

10 

Kgf  m 

0.063 

0/20 

(PTFE  Bleached  Felt) 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Fabric  impregnated 

LOX 

14.7 

10 

Kgf  m 

4/6 

With  butyl  rubber 

LOX 

14.7 

5 

Kgf  m 

2/20 

100  gms  CS  2727  Epoxy 

LOX 

14.7 

10 

Kgf  m 

0.050 

9/20 

and  2 1  grms 

LOX 

14.7 

8 

Kgf  m 

0.050 

8/20 

accelerated  9817 

LOX 

14.7 

6 

Kgf  m 

0.050 

6/20 

LOX 

14.7 

4 

Kgf  m 

0.050 

6/20 

Polyurethane 

LOX 

14.7 

10 

Kgf  m 

0.063 

2/7 

Teflon  Impreganted 

LOX 

14.7 

10 

Kgf  m 

2/3 

With  silicone  rubber 

Fluorinated  Silicone 

LOX 

14.7 

10 

Kgf  m 

0.100 

15/20 

LOX 

14.7 

8 

Kgf  m 

0.100 

10/20 

LOX 

14.7 

6 

Kgf  m 

0.100 

11/20 

LOX 

14.7 

4 

Kgf  m 

0.100 

3/20 

LOX 

14.7 

2 

Kgf  m 

0.100 

0/20 

Polyvinyl  fluoride 

LOX 

14.7 

10 

Kgf  m 

0.005 

9/20 

On  steel  discs 

Silicone 

LOX 

14.7 

10 

Kgf  m 

0.050 

3/3 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/11 

LOX 

14.7 

4 

Kgf  m 

0.050 

1/13 

LOX 

14.7 

3 

Kgf  m 

0.050 

1/2 

LOX 

14.7 

2 

Kgf  m 

0.050 

0/21 

DC  94-017 

LOX 

14.7 

10 

Kgf  m 

0.050 

2/20 

(Fluorosilicone) 

LOX 

14.7 

10 

Kgf  m 

0.075 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.106 

4/20 

DC  94-018 

LOX 

14.7 

10 

Kgf  m 

0.050 

5/20 

(Fluorosilicone) 

LOX 

14.7 

10 

Kgf  m 

0.084 

4/20 

LOX 

14.7 

10 

Kgf  m 

0.100 

4/20 

DC  94-019 

LOX 

14.7 

10 

Kgf  m 

0.060 

3/20 

(Fluorosilicone) 

LOX 

14.7 

10 

Kgf  m 

0.090 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.224 

1/60 

Silicone 

LOX 

14.7 

10 

Kgf  m 

0.050 

16/20 

Air  dried  72  hrs 

LOX 

14.7 

8 

Kgf  m 

0.050 

10/20 

LOX 

14.7 

6 

Kgf  m 

0.050 

9/20 

LOX 

14.7 

4 

Kgf  m 

0.050 

8/20 

LOX 

14.7 

2 

Kgf  m 

0.050 

4./20 

Epoxy  and  Polysulfide 

LOX 

14.7 

10 

Kgf  m 

0.050 

10/20 

LP/32  activator 

LOX 

14.7 

5 

Kgf  m 

0.050 

14/20 

LOX 

14.7 

1 

Kgf  m 

0.050 

10/20 

Ecco  Bond  No.  45  and 

LOX 

14.7 

10 

Kgf  m 

0.050 

2/2 

Cat.  No.  15 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/2 

(Epoxy  Cement) 

LOX 

14.7 

2 

Kgf  m 

0.050 

2/2 

Polyphenyl 

LOX 

14.7 

10 

Kgf  m 

0.280 

6/20 

Epibond  123  and 

LOX 

14.7 

10 

Kgf  m 

0.050 

5/20 

Hardener  952A  (Epoxy) 

Epoxy  Glass 

LOX 

14.7 

10 

Kgf  m 

2/3 

Terminal  Board 

LOX 

14.7 

5 

Kgf  m 

1/1 

Epoxy  potting  Compound  LOX 

14.7 

10 

Kgf  m 

0.063 

1/1 

LOX 

14.7 

5 

Kgf  m 

0.063 

1/1 

LOX 

14.7 

2 

Kgf  m 

0.063 

1/1 

Parapolyphenyl 

LOX 

14.7 

10 

Kgf  m 

0.2 

6/20 

Fiberglass  Epoxy  Pipe 

LOX 

14.7 

10 

Kgf  m 

0.22 

20/20 

Fiberglass  with  A 

LOX 

14.7 

10 

Kgf  m 

0.012 

20/20 

Fluorosilicone  coating 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

EPON  901  and  1  lparts 

FOX 

14.7 

10 

Kgf  m 

0.050 

27/40 

B-3  ^  hr  240  F  1.5  hr 

FOX 

14.7 

8 

Kgf  m 

0.050 

10/40 

350  F 

FOX 

14.7 

6 

Kgf  m 

0.050 

4/20 

FOX 

14.7 

4 

Kgf  m 

0.050 

5/20 

FOX 

14.7 

2 

Kgf  m 

0.050 

2/20 

FOX 

14.7 

1 

Kgf  m 

0.050 

0/20 

Teflon  with  0.05% 

FOX 

14.7 

10 

Kgf  m 

0.050 

0/20 

Carbon  black 

Teflon  and  ground  glass 

FOX 

14.7 

10 

Kgf  m 

0/20 

Fluorosilicone 

FOX 

14.7 

10 

Kgf  m 

0.070 

7/20 

FM  1000  adhesive 

FOX 

14.7 

10 

Kgf  m 

0.010 

17/20 

(Nylon  Epoxy) 

FOX 

14.7 

5 

Kgf  m 

0.010 

11/20 

FOX 

14.7 

2 

Kgfm 

0.010 

9/20 

Teflon 

FOX 

14.7 

10 

Kgf  m 

0.010 

1/60 

FIT-424 

FOX 

14.7 

10 

Kgf  m 

0.013 

20/20 

(Epoxy  Phenolic) 

FOX 

14.7 

5 

Kgf  m 

0.013 

20/20 

FOX 

14.7 

3 

Kgf  m 

0.013 

20/20 

FOX 

14.7 

1 

Kgf  m 

0.013 

6/20 

Hysol  Cement  6020 

FOX 

14.7 

10 

Kgf  m 

0.050 

2/3 

(Epoxy) 

FOX 

14.7 

5 

Kgf  m 

0.050 

2/2 

FOX 

14.7 

2 

Kgf  m 

0.050 

2/4 

Kel  -F  Plasticized 

FOX 

14.7 

10 

Kgf  m 

0.032 

0/20 

(PtFClethylene) 

Kel  -F  Unplasticized 

FOX 

14.7 

10 

Kgf  m 

0.032 

0/20 

(PtFClethylene) 

Kel  -F  Unplasticized 

FOX 

14.7 

10 

Kgf  m 

0.075 

0/20 

(PtFClethylene) 

Kel-F  (Sheet) 

FOX 

14.7 

10 

Kgf  m 

0.63 

0/20 

Kel-F  F-1380 

FOX 

14.7 

10 

Kgf  m 

0.005 

0/20 

Kel-F  L-1381 

FOX 

14.7 

10 

Kgf  m 

0.005 

0/20 

Kel-F  Film  type  8105 

FOX 

14.7 

10 

Kgf  m 

0.005 

0/20 

Kel-F  Film  type  KX202 

FOX 

14.7 

10 

Kgf  m 

0.002 

0/20 

Kel-F  Film  type  KX8110 

FOX 

14.7 

10 

Kgf  m 

0.010 

0/20 

Kel-F  Film  type  8210 

FOX 

14.7 

10 

Kgf  m 

0.010 

0/20 

Kel-F  Film  type  8205 

FOX 

14.7 

10 

Kgf  m 

0.005 

0/20 

Kel-F  81  Plastic 

FOX 

14.7 

10 

Kgf  m 

0.063 

0/20 

Kel-F800  Plastic 

FOX 

14.7 

10 

Kgf  m 

0.063 

0/20 

Kel-F800  Plastic 

FOX 

14.7 

10 

Kgf  m 

0.063 

0/20 

Kel-F  Dispersion  625 

FOX 

14.7 

10 

Kgf  m 

0.005 

0/20 

Kel-F  Dispersion  KX633 

FOX 

14.7 

10 

Kgf  m 

0.003 

0/20 

Kel-F  Elastomer 

FOX 

14.7 

10 

Kgf  m 

0.125 

0/20 

Kel-F  Elastomer 

FOX 

14.7 

10 

Kgf  m 

0.063 

0/20 

Vinyl  Rubber 

FOX 

14.7 

10 

Kgf  m 

0.125 

2/20 

Kynar 

FOX 

14.7 

10 

Kgf  m 

0.063 

0/10 

(PolyVinylidene  Fluoride) 

Kynar 

FOX 

14.7 

10 

Kgf  m 

0.016 

5/20 

Kynar 

FOX 

14.7 

8 

Kgf  m 

0.016 

2/20 

Kynar 

FOX 

14.7 

10 

Kgf  m 

0.016 

5/20 

Kynar 

FOX 

14.7 

8 

Kgf  m 

0.016 

2/20 

Kynar 

FOX 

14.7 

6 

Kgf  m 

0.016 

2/20 

Kynar 

FOX 

14.7 

11.3  Kgfm 

0.032 

4/20 

Kynar 

FOX 

14.7 

10 

Kgf  m 

0.032 

11/40 

Kynar 

FOX 

14.7 

10 

Kgf  m 

0.063 

2/20 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Kynar 

LOX 

14.7 

10 

Kgf  m 

0.025 

2/20 

Kynar 

LOX 

14.7 

8 

Kgf  m 

0.025 

1/20 

Kynar 

LOX 

14.7 

6 

Kgf  m 

0.025 

1/20 

Kynar 

LOX 

14.7 

10 

Kgf  m 

0.063 

1/60 

Kynar 

LOX 

14.7 

10 

Kgf  m 

0.025 

21/40 

Kynar 

LOX 

14.7 

10 

Kgf  m 

0.025 

18/20 

Kynar 

LOX 

14.7 

10 

Kgf  m 

0.002 

20/20 

Kynar 

LOX 

14.7 

10 

Kgf  m 

0.002 

20/20 

PTFE  fabric  impregnated 

LOX 

14.7 

10 

Kgf  m 

0.015 

4/20 

With  Kynar 

LOX 

14.7 

8 

Kgf  m 

0.015 

3/20 

LOX 

14.7 

6 

Kgf  m 

0.015 

3/20 

LOX 

14.7 

4 

Kgf  m 

0.015 

3/20 

LOX 

14.7 

2 

Kgf  m 

0.015 

0/20 

PTFE  fabric  impregnated 

LOX 

14.7 

10 

Kgf  m 

0.015 

0/20 

With  Kynar 

PTFE  fabric  impregnated 

LOX 

14.7 

10 

Kgf  m 

0.015 

1/20 

With  Kynar 

PTFE  fabric  impregnated 

LOX 

14.7 

10 

Kgf  m 

0.015 

0/20 

With  Kynar 

LS-53 

LOX 

14.7 

10 

Kgf  m 

0.070 

4/20 

(Fluorosilicone 

LOX 

14.7 

8 

Kgf  m 

0.070 

6/20 

Elastomer) 

LOX 

14.7 

6 

Kgf  m 

0.070 

3/20 

LOX 

14.7 

4 

Kgf  m 

0.070 

8/20 

LS-53 

LOX 

14.7 

10 

Kgf  m 

0.035 

11/20 

(Fluorosilicone 

LOX 

14.7 

8 

Kgf  m 

0.035 

10/20 

Elastomer) 

LOX 

14.7 

6 

Kgf  m 

0.035 

6/20 

LOX 

14.7 

4 

Kgf  m 

0.035 

4/20 

LOX 

14.7 

2 

Kgf  m 

0.035 

5/20 

LOX 

14.7 

1 

Kgf  m 

0.035 

0/20 

LS-53 

LOX 

14.7 

10 

Kgf  m 

0.016 

16/20 

(Fluorosilicone 

LOX 

14.7 

8 

Kgf  m 

0.016 

13/20 

Elastomer) 

LOX 

14.7 

6 

Kgf  m 

0.016 

9/20 

LOX 

14.7 

4 

Kgf  m 

0.016 

10/20 

LOX 

14.7 

2 

Kgf  m 

0.016 

6/20 

LOX 

14.7 

1 

Kgf  m 

0.016 

2/20 

LS-70 

LOX 

14.7 

10 

Kgf  m 

0.070 

2/20 

(Fluorosilicone 

LOX 

14.7 

8 

Kgf  m 

0.070 

8/20 

Elastomer) 

LOX 

14.7 

6 

Kgf  m 

0.070 

4/20 

LOX 

14.7 

4 

Kgf  m 

0.070 

0/20 

LS-53 

LOX 

14.7 

10 

Kgf  m 

0.035 

4/20 

(Fluorosilicone 

LOX 

14.7 

8 

Kgf  m 

0.035 

6/20 

Elastomer) 

LOX 

14.7 

6 

Kgf  m 

0.035 

3/20 

LOX 

14.7 

4 

Kgf  m 

0.035 

8/20 

LOX 

14.7 

2 

Kgf  m 

0.035 

7/20 

LOX 

14.7 

1 

Kgf  m 

0.035 

7/20 

LS-53 

LOX 

14.7 

10 

Kgf  m 

0.016 

16/20 

(Fluorosilicone 

LOX 

14.7 

8 

Kgf  m 

0.016 

15/20 

Elastomer) 

LOX 

14.7 

6 

Kgf  m 

0.016 

8/20 

LOX 

14.7 

4 

Kgf  m 

0.016 

11/20 

LOX 

14.7 

2 

Kgf  m 

0.016 

4/20 

Polycarbonate 

LOX 

14.7 

10 

Kgf  m 

0.063 

20/20 

LOX 

14.7 

5 

Kgf  m 

0.063 

16/20 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Polyimide  from 

LOX 

14.7 

10 

Kgf  m 

0.005 

3/20 

pyrolytic  anhydride 

Phenolic  Laminate, 

LOX 

14.7 

10 

Kgf  m 

0.063 

31/40 

Fabric  base 

LOX 

14.7 

8 

Kgf  m 

0.063 

16/20 

LOX 

14.7 

6 

Kgf  m 

0.063 

7/20 

LOX 

14.7 

5 

Kgf  m 

0.063 

16/20 

LOX 

14.7 

4 

Kgf  m 

0.063 

4/20 

LOX 

14.7 

2 

Kgf  m 

0.063 

6/20 

LOX 

14.7 

1 

Kgf  m 

0.063 

0/20 

Polyester 

LOX 

14.7 

10 

Kgf  m 

17/20 

Mylar  A  (Polyester) 

LOX 

14.7 

10 

Kgf  m 

0.005 

2/120 

Mylar  D  (Polyester) 

LOX 

14.7 

10 

Kgf  m 

0.003 

2/20 

LOX 

14.7 

8 

Kgf  m 

0.003 

1/20 

Mylar  Film 

LOX 

14.7 

10 

Kgf  m 

0.001 

4/20 

Chlorinated  Polyester 

LOX 

14.7 

10 

Kgf  m 

0.050 

7/10 

Cured  with  2%  MEK 

LOX 

14.7 

5 

Kgf  m 

0.050 

4/10 

Peroxide  and  cobalt 

LOX 

14.7 

3 

Kgf  m 

0.050 

2/20 

Naphtenate 

LOX 

14.7 

2 

Kgf  m 

0.050 

0/20 

Chlorinated  Polyester 

LOX 

14.7 

10 

Kgf  m 

0.050 

9/10 

Cured  with  2%  MEK 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/5 

Peroxide  and  cobalt 

LOX 

14.7 

3 

Kgf  m 

0.050 

1/10 

Naphtenate  and  with 

LOX 

14.7 

2 

Kgf  m 

0.050 

2/10 

33.3%  Antimony 

LOX 

14.7 

1 

Kgf  m 

0.050 

0/20 

Trichloride 

ERL  0625  epoxy  cured 

LOX 

14.7 

10 

Kgf  m 

0.050 

7/10 

With  10.6  Phr  mPDA 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/10 

LOX 

14.7 

3 

Kgf  m 

0.050 

0/20 

ERL  0625  epoxy  cured 

LOX 

14.7 

10 

Kgf  m 

0.050 

6/10 

With  14.5  Phr  chlorendic  LOX 

14.7 

5 

Kgf  m 

0.050 

6/20 

Anhydride  and  0.5% 

LOX 

14.7 

3 

Kgf  m 

0.050 

2/10 

Benzyldimethylamine 

LOX 

14.7 

2 

Kgf  m 

0.050 

1/10 

LOX 

14.7 

1 

Kgf  m 

0.050 

0/20 

Adhesive  50%  Epoxy 

LOX 

14.7 

10 

Kgf  m 

0.050 

3/3 

And  50%  polyamide 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/2 

LOX 

14.7 

2 

Kgf  m 

0.050 

2/7 

LOX 

14.7 

1 

Kgf  m 

0.050 

0/12 

Adhesive  50%  Epoxy 

LOX 

14.7 

10 

Kgf  m 

0.050 

16/24 

And  50%  polyamide 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/8 

LOX 

14.7 

3 

Kgf  m 

0.050 

2/14 

LOX 

14.7 

1 

Kgf  m 

0.050 

0/20 

Nylon  (Polyamide) 

LOX 

14.7 

10 

Kgf  m 

0.032 

2/2 

LOX 

14.7 

5 

Kgf  m 

0.032 

2/2 

LOX 

14.7 

2 

Kgf  m 

0.032 

2/2 

LOX 

14.7 

1 

Kgf  m 

0.032 

2/12 

Nylon  (Polyamide) 

LOX 

14.7 

10 

Kgf  m 

0.250 

8/20 

LOX 

14.7 

5 

Kgf  m 

0.250 

1/1 

LOX 

14.7 

3 

Kgf  m 

0.250 

1/2 

LOX 

14.7 

1 

Kgf  m 

0.250 

0/20 

Nylon  (Polyamide) 

LOX 

14.7 

10 

Kgf  m 

0.001 

13/20 

Nylon  (Polyamide) 

LOX 

14.7 

10 

Kgf  m 

0.001 

10/20 

Nylon  (Polyamide) 

LOX 

14.7 

10 

Kgf  m 

0.002 

3/20 

Nylon  (Polyamide) 

LOX 

14.7 

10 

Kgf  m 

0.004 

8/20 

Viton  A 

LOX 

14.7 

10 

Kgf  m 

0.063 

0/20 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Plaskon  2200  CTFE  Caps  LOX 

14.7 

10 

Kgf  m 

0.080 

2/20 

Polyphenylene  Oxide 

LOX 

14.7 

10 

Kgf  m 

0.065 

20/20 

Polysulfide 

LOX 

14.7 

10 

Kgf  m 

0.017 

20/20 

Epoxy  Potting  Compound  LOX 

14.7 

10 

Kgf  m 

0.063 

1/1 

LOX 

14.7 

5 

Kgf  m 

0.063 

1/1 

LOX 

14.7 

2 

Kgf  m 

0.063 

1/1 

LOX 

14.7 

1 

Kgf  m 

0.063 

1/2 

Polyethylene 

LOX 

14.7 

10 

Kgf  m 

0.032 

4/7 

LOX 

14.7 

5 

Kgf  m 

0.032 

2/19 

LOX 

14.7 

2 

Kgf  m 

0.032 

1/3 

LOX 

14.7 

1 

Kgf  m 

0.032 

0/17 

Polyethylene  Tubing 

LOX 

14.7 

10 

Kgf  m 

2/11 

LOX 

14.7 

5 

Kgf  m 

2/10 

LOX 

14.7 

2 

Kgf  m 

2/20 

Polyethylene 

LOX 

14.7 

11.3  Kgf  m 

0.137 

3/20 

LOX 

14.7 

10 

Kgf  m 

0.137 

1/20 

LOX 

14.7 

8 

Kgf  m 

0.137 

1/20 

LOX 

14.7 

6 

Kgf  m 

0.137 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.020 

15/20 

LOX 

14.7 

8 

Kgf  m 

0.020 

16/20 

LOX 

14.7 

6 

Kgf  m 

0.020 

13/20 

LOX 

14.7 

4 

Kgf  m 

0.020 

11/20 

LOX 

14.7 

2 

Kgf  m 

0.020 

7/20 

LOX 

14.7 

1 

Kgf  m 

0.020 

3/20 

LOX 

14.7 

11.3 

Kgf  m 

0.075 

4/20 

LOX 

14.7 

10 

Kgf  m 

0.075 

7/20 

LOX 

14.7 

8 

Kgf  m 

0.075 

3/20 

LOX 

14.7 

6 

Kgf  m 

0.075 

6/20 

LOX 

14.7 

4 

Kgf  m 

0.075 

0/20 

High  Density  PE 

LOX 

14.7 

10 

Kgf  m 

0.063-0.075 

7/20 

LOX 

14.7 

8 

Kgf  m 

0.063-0.075 

2/20 

LOX 

14.7 

6 

Kgf  m 

0.063-0.075 

1/20 

LOX 

14.7 

4 

Kgf  m 

0.063-0.075 

2/20 

LOX 

14.7 

2 

Kgf  m 

0.063-0.075 

1/20 

LOX 

14.7 

1 

Kgf  m 

0.063-0.075 

0/20 

Polyethylene  Film 

LOX 

14.7 

10 

Kgf  m 

0.006 

88/100 

LOX 

14.7 

8 

Kgf  m 

0.006 

50/100 

LOX 

14.7 

6 

Kgf  m 

0.006 

42/100 

LOX 

14.7 

4 

Kgf  m 

0.006 

30/100 

LOX 

14.7 

2 

Kgf  m 

0.006 

9/100 

LOX 

14.7 

1 

Kgf  m 

0.006 

0/100 

Polyvinylchloride 

LOX 

14.7 

10 

Kgf  m 

0.125 

2/2 

LOX 

14.7 

5 

Kgf  m 

0.125 

2/9 

LOX 

14.7 

2 

Kgf  m 

0.125 

2/14 

LOX 

14.7 

1 

Kgf  m 

0.125 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.063 

2/3 

LOX 

14.7 

5 

Kgf  m 

0.063 

2/3 

LOX 

14.7 

2 

Kgf  m 

0.063 

2/11 

LOX 

14.7 

3 

Kgf  m 

0.063 

1/3 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Polypropylene 

LOX 

14.7 

10 

Kgf  m 

0.080 

15/20 

LOX 

14.7 

7.7 

Kgf  m 

0.080 

12/20 

LOX 

14.7 

5.6 

Kgf  m 

0.080 

4/20 

LOX 

14.7 

4.9 

Kgf  m 

0.080 

2/20 

LOX 

14.7 

4.2 

Kgf  m 

0.080 

0/20 

LOX 

14.7 

3.5 

Kgf  m 

0.080 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.060 

17/20 

LOX 

14.7 

7.7 

Kgf  m 

0.060 

12/20 

LOX 

14.7 

5.6 

Kgf  m 

0.060 

6/20 

LOX 

14.7 

3.5 

Kgf  m 

0.060 

3/20 

LOX 

14.7 

2.8 

Kgf  m 

0.060 

1/20 

LOX 

14.7 

1.4 

Kgf  m 

0.060 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

17/20 

LOX 

14.7 

7.7 

Kgf  m 

0.050 

12/20 

LOX 

14.7 

5.6 

Kgf  m 

0.050 

8/20 

LOX 

14.7 

3.5 

Kgf  m 

0.050 

7/20 

LOX 

14.7 

1.4 

Kgf  m 

0.050 

2/20 

LOX 

14.7 

10 

Kgf  m 

0.040 

18/20 

LOX 

14.7 

7.7 

Kgf  m 

0.040 

15/20 

LOX 

14.7 

5.6 

Kgf  m 

0.040 

9/20 

LOX 

14.7 

3.5 

Kgf  m 

0.040 

7/20 

LOX 

14.7 

1.4 

Kgf  m 

0.040 

3/20 

LOX 

14.7 

10 

Kgf  m 

0.030 

18/20 

LOX 

14.7 

7.7 

Kgf  m 

0.030 

17/20 

LOX 

14.7 

5.6 

Kgf  m 

0.030 

14/20 

LOX 

14.7 

3.5 

Kgf  m 

0.030 

14/20 

LOX 

14.7 

1.4 

Kgf  m 

0.030 

8/20 

LOX 

14.7 

10 

Kgf  m 

0.020 

19/20 

LOX 

14.7 

7.7 

Kgf  m 

0.020 

18/20 

LOX 

14.7 

5.6 

Kgf  m 

0.020 

15/20 

LOX 

14.7 

3.5 

Kgf  m 

0.020 

14/20 

LOX 

14.7 

1.4 

Kgf  m 

0.020 

8/20 

LOX 

14.7 

10 

Kgf  m 

0.010 

18/20 

LOX 

14.7 

7.7 

Kgf  m 

0.010 

18/20 

LOX 

14.7 

5.6 

Kgf  m 

0.010 

16/20 

LOX 

14.7 

3.5 

Kgf  m 

0.010 

12/20 

LOX 

14.7 

1.4 

Kgf  m 

0.010 

8/20 

LOX 

14.7 

0.7 

Kgf  m 

0.010 

3/20 

PROSEAL  994 

LOX 

14.7 

10 

Kgf  m 

0.050 

8/20 

(Polyurethane) 

LOX 

14.7 

10 

Kgf  m 

0.063 

7/20 

LOX 

14.7 

5 

Kgf  m 

0.063 

6/20 

LOX 

14.7 

2 

Kgf  m 

0.063 

2/20 

LOX 

14.7 

1 

Kgf  m 

0.063 

0/20 

PR- 1525 

LOX 

14.7 

10 

Kgf  m 

0.063 

3/20 

(Polyurethane) 

LOX 

14.7 

5 

Kgf  m 

0.063 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.125 

2/20 

PR- 1527 

LOX 

14.7 

10 

Kgf  m 

0.063 

7/20 

(Polyurethane) 

LOX 

14.7 

5 

Kgf  m 

0.063 

3/20 

LOX 

14.7 

10 

Kgf  m 

0.032 

11/20 

PR- 153 8  (Polyurethane) 

LOX 

14.7 

10 

Kgf  m 

0.063 

10/20 

PR-1910 

LOX 

14.7 

10 

Kgf  m 

0.050 

2/2 

(Silicone) 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/2 

LOX 

14.7 

2 

Kgf  m 

0.050 

0/16 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Phenolic  Impregnated 

LOX 

14.7 

10 

Kgf  m 

0.060 

2/2 

Fiberglass 

LOX 

14.7 

5 

Kgf  m 

0.060 

2/2 

LOX 

14.7 

3 

Kgf  m 

0.060 

2/3 

Polyimide 

LOX 

14.7 

10 

Kgf  m 

0.005 

0/40 

Q90-002A/B 

LOX 

14.7 

10 

Kgf  m 

0.050 

2/7 

(Fluorosilicone) 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/20 

LOX 

14.7 

4 

Kgf  m 

0.050 

0/20 

Q90-031 

LOX 

14.7 

10 

Kgf  m 

0.050 

2/5 

(Fluorosilicone) 

LOX 

14.7 

5 

Kgf  m 

0.050 

2/6 

LOX 

14.7 

4 

Kgf  m 

0.050 

0/18 

LOX 

14.7 

3 

Kgf  m 

0.050 

0/20 

Q94-002 

LOX 

14.7 

10 

Kgf  m 

0.050 

2/20 

(Fluorosilicone) 

LOX 

14.7 

11. 

3  Kgf  m 

0.013 

1/20 

LOX 

14.7 

10 

Kgf  m 

0.013 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.058 

3/20 

LOX 

14.7 

8 

Kgf  m 

0.058 

3/20 

LOX 

14.7 

10 

Kgf  m 

0.032 

12/20 

LOX 

14.7 

8 

Kgf  m 

0.032 

12/20 

LOX 

14.7 

10 

Kgf  m 

0.020 

13/20 

LOX 

14.7 

8 

Kgf  m 

0.020 

15/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

3/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

2/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

4/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

11/20 

LOX 

14.7 

10 

Kgf  m 

0.085 

10/20 

LOX 

14.7 

10 

Kgf  m 

0.105 

5/20 

Relco  A50%  +  B  50% 

LOX 

14.7 

10 

Kgf  m 

0.063 

2/20 

(Epoxy) 

(Epoxy  and  Grit) 

LOX 

14.7 

10 

Kgf  m 

0.063 

3/5 

LOX 

14.7 

5 

Kgf  m 

0.063 

2/5 

LOX 

14.7 

3 

Kgf  m 

0.063 

2/3 

LOX 

14.7 

2 

Kgf  m 

0.063 

1/8 

Scotch  Ply  Type  1002 

LOX 

14.7 

10 

Kgf  m 

0.113 

20/20 

(Epoxy  with  non  woven 

LOX 

14.7 

10 

Kgf  m 

0.113 

20/20 

glass  filament) 

Scotch  Resin 

LOX 

14.7 

10 

Kgf  m 

3/6 

No  CRP-235 

LOX 

14.7 

5 

Kgf  m 

1/14 

(Epoxy  30C  %  hr) 
Silastic  No.  50  Rubber 

LOX 

14.7 

10 

Kgf  m 

2/2 

(Silicone  Rubber) 

LOX 

14.7 

5 

Kgf  m 

2/6 

LOX 

14.7 

2 

Kgf  m 

2/4 

Silastic  No.  675 

LOX 

14.7 

10 

Kgf  m 

2/3 

(Silicone  Rubber) 

LOX 

14.7 

5 

Kgf  m 

2/2 

LOX 

14.7 

2 

Kgf  m 

1/1 

Silastic  No50-24-480 

LOX 

14.7 

10 

Kgf  m 

8/10 

(Silicone  Rubber) 
Silastic  No  80-24-480 

LOX 

14.7 

10 

Kgf  m 

7/10 

(Silicone  Rubber) 
Silastic  No  290-24-480 

LOX 

14.7 

10 

Kgf  m 

2/10 

(Silicone  Rubber) 

LOX 

14.7 

5 

Kgf  m 

1/10 

Silastic  No  916-4-480 

LOX 

14.7 

10 

Kgf  m 

2/2 

(Silicone  Rubber) 

LOX 

14.7 

5 

Kgf  m 

3/15 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Silastic  LS-53 

LOX 

14.7 

10 

Kgf  m 

2/7 

(Silicone  Rubber) 

LOX 

14.7 

5 

Kgf  m 

2/8 

LOX 

14.7 

2 

Kgf  m 

0/5 

Silastic  LS-53-24-300 

LOX 

14.7 

10 

Kgf  m 

2/3 

(Silicone  Rubber) 

LOX 

14.7 

5 

Kgf  m 

2/5 

Silastic  LS-13-8-400 

LOX 

14.7 

10 

Kgf  m 

2/8 

(Silicone  Rubber) 

LOX 

14.7 

5 

Kgf  m 

3/10 

LOX 

14.7 

2 

Kgf  m 

0/2 

Stycast  265 1 

LOX 

14.7 

10 

Kgf  m 

0.063 

2/2 

(Epoxy) 

LOX 

14.7 

5 

Kgf  m 

0.063 

2/2 

LOX 

14.7 

3 

Kgf  m 

0.063 

2/3 

LOX 

14.7 

1 

Kgf  m 

0.063 

0/20 

PTFE 

LOX 

14.7 

10 

Kgf  m 

0.002 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.006 

0/20 

Tedlar  200  AM  30  WH 

LOX 

14.7 

10 

Kgf  m 

0.002 

4/29 

(Polyvinylfluoride) 

LOX 

14.7 

9 

Kgf  m 

0.002 

1/20 

LOX 

14.7 

8 

Kgf  m 

0.002 

0/20 

LOX 

14.7 

5 

Kgf  m 

0.002 

0/13 

Tedlar  200BG  30  WH 

LOX 

14.7 

10 

Kgf  m 

0.002 

4/25 

(Polyvinylfluoride) 

LOX 

14.7 

8 

Kgf  m 

0.002 

1/20 

LOX 

14.7 

7 

Kgf  m 

0.002 

0/20 

LOX 

14.7 

5 

Kgf  m 

0.002 

1/35 

Tedlar  200BP 

LOX 

14.7 

10 

Kgf  m 

0.002 

3/60 

(Polyvinylfluoride) 
Tedlar  2005  50  WH 

LOX 

14.7 

10 

Kgf  m 

0.002 

3/20 

(Polyvinylfluoride) 
Tedlar  2005  40 

LOX 

14.7 

10 

Kgf  m 

0.002 

5/20 

(Polyvinylfluoride) 
Teflon  Sheet 

LOX 

14.7 

10 

Kgf  m 

0.002 

0/20 

Teflon  Sleeve  Adel  Clamp  LOX 

14.7 

10 

Kgf  m 

0.032 

0/20 

Fluorinated  ethylene 

LOX 

14.7 

10 

Kgf  m 

0.015 

0/20 

Propylene  polymer  (Teflon  FEP) 

Teflon  TFE 

LOX 

14.7 

10 

Kgf  m 

0.032 

0/20 

Teflon  White  Sheet  Stock  LOX 

14.7 

10 

Kgf  m 

0.063 

0/40 

Teflon  tube 

LOX 

14.7 

10 

Kgf  m 

0.016 

0/20 

Teflon  FEP  Type  544 

LOX 

14.7 

10 

Kgf  m 

0.001 

0/20 

Teflon  FEP 

LOX 

14.7 

10 

Kgf  m 

0.010 

0/20 

a 

LOX 

14.7 

10 

Kgf  m 

0.021 

0/20 

a 

LOX 

14.7 

10 

Kgf  m 

0.005 

0/20 

Teflon  856-200  (PTFE) 

LOX 

14.7 

10 

Kgf  m 

0.006 

0/20 

Teflon  DuPont  Enamel 

LOX 

14.7 

10 

Kgf  m 

0.001 

0/20 

852-202  (PTFE) 

Teflon  Covering 

LOX 

14.7 

10 

Kgf  m 

0.020 

0/20 

from  cable  (PTFE) 
Teflon  O-Ring  (PTFE) 

LOX 

14.7 

10 

Kgf  m 

0/20 

Vespel  SP-1 

LOX 

14.7 

10 

Kgf  m 

0.050 

6/20 

(Polyimide) 

LOX 

14.7 

10 

Kgf  m 

0.050 

1/60 

LOX 

14.7 

10 

Kgf  m 

0.050 

4/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

3/20 

Vespel  SP-3  (Polyimide) 

LOX 

14.7 

10 

Kgf  m 

0.050 

0/20 
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Table  2d,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA  TM  X-6471  l,cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Vespel  SP-21(Polyimide 

LOX 

14.7 

10 

Kgf  m 

0.050 

0/20 

And  15%  graphite) 

LOX 

14.7 

10 

Kgfm 

0.050 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.050 

0/20 

Epoxy 

LOX 

14.7 

10 

Kgf  m 

0.063 

2/25 

LOX 

14.7 

5 

Kgf  m 

0.063 

0/35 

Viton  A  Hose 

LOX 

14.7 

10 

Kgf  m 

0.063 

3/20 

Viton  Sponge 

LOX 

14.7 

10 

Kgf  m 

0.250 

9/20 

Viton  A 

LOX 

14.7 

10 

Kgf  m 

0.125 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.065 

0/20 

Viton 

LOX 

14.7 

10 

Kgf  m 

0.047 

2/20 

Viton  A 

LOX 

14.7 

10 

Kgf  m 

0.144 

0/20 

Viton  Strips 

LOX 

14.7 

10 

Kgf  m 

0.070 

0/20 

Viton  Discs 

LOX 

14.7 

10 

Kgf  m 

0.070 

0/20 

Viton  Sheet  Mat  Discs 

LOX 

14.7 

10 

Kgf  m 

0.070 

0/20 

Viton  Sheet  Mat  Strip 

LOX 

14.7 

10 

Kgf  m 

0.070 

0/20 

Viton  A  Discs 

LOX 

14.7 

10 

Kgf  m 

0.070 

2/20 

Viton  A  Discs 

LOX 

14.7 

10 

Kgf  m 

0.070 

5/20 

Viton  A  Discs 

LOX 

14.7 

10 

Kgf  m 

0.070 

5/20 

Viton  A  Elastomer 

LOX 

14.7 

10 

Kgf  m 

4/20 

(Copolymer  vinylidene  fluoride  and  hexafluoropropylene) 

Fluorosilicone  Rubber 

LOX 

14.7 

10 

Kgf  m 

0.125 

2/20 

LOX 

14.7 

10 

Kgf  m 

0.100 

0/20 

LOX 

14.7 

10 

Kgf  m 

0.033 

19/20 

LOX 

14.7 

10 

Kgf  m 

0.035 

19/20 

LOX 

14.7 

10 

Kgf  m 

0.070 

2/20 

LOX 

14.7 

8 

Kgf  m 

0.070 

2/20 

LOX 

14.7 

10 

Kgf  m 

0.125 

2/40 

LOX 

14.7 

10 

Kgf  m 

0.064 

1/20 

LOX 

14.7 

8 

Kgf  m 

0.064 

1/20 

LOX 

14.7 

10 

Kgf  m 

0.030 

20/20 

LOX 

14.7 

10 

Kgf  m 

0.125-0.130 

2/20 

XR5038  (Epoxy) 

LOX 

14.7 

10 

Kgf  m 

0.003 

2/25 

Table  2e,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA,  MSC-02681  (1972)  In  (NASA 


CR  120221  1974) 

Material 

Oxygen 

Pressure 

Phase  Temp 

Psi 

Krytox  280-AB 

LOX 

100 

LOX 

500 

LOX 

1000 

Austin  1972 

LOX 

1500 

E-617-9 

LOX 

14.7 

(PolyEthylenePropylene) 

LOX 

14.7 

EpiBond  123/  Hardner  931LOX 

14.7 

Kynar 

LOX 

14.7 

(PolyvinylideneFluoride) 

LOX 

14.7 

LS-53 

LOX 

14.7 

(Fluorosilicone  Rubber 
TFE  and  PTFE  Filled) 

LOX 

14.7 

Impact 

Specimen 

Results 

Energy 

Thickness 

Reactions  /  Impacts 

10  Kgfm 

0.030  in 

0/20 

10  Kgfm 

0.030  in 

0/20 

10  Kgfm 

0.030  in 

0/20 

10  Kgfm 

0.030  in 

0/20 

50  Ft-Lb/sqin 

0.075in 

0/4 

200  Ft-Lb/sqin 

0.075in 

0/4 

50  Ft-Lb/sqin 

0.005  in 

0/8 

50  Ft-Lb/sqin 

0/4 

200  Ft-Lb/sqin 

0/4 

50  Ft-Lb/sqin 

0/4 

200  Ft-Lb/sqin 

0/4 
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Table  2e,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA,  MSC-02681  (1972)  In  (NASA 
CR  120221  1974),  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase  Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Polyisoprene 

LOX 

14.7 

50  Ft-Lb/sqin 

0/4 

Silastic  601  RTV 

LOX 

14.7 

200  Ft-Lb/sqin 

0/4 

(2  Part  Silicone  Rubber) 

LOX 

14.7 

50  Ft-Lb/sqin 

0/4 

Silicone  S-355-7 

LOX 

14.7 

50  Ft-Lb/sqin 

0/4 

(1  Part  Silicone  Rubber) 

LOX 

14.7 

200  Ft-Lb/sqin 

0/4 

Teflon  Glass  Filled 

LOX 

14.7 

50  Ft-Lb/sqin 

0/4 

(PTFE) 

LOX 

14.7 

200  Ft-Lb/sqin 

0/4 

Epoxy 

LOX 

15 

1.1  Kgfm 

0.050  in 

20/20 

Epoxy  Fiberglass 

LOX 

15 

1.1  Kgfm 

0.050  in 

20/20 

LOX 

15 

0.76  Kgf  m 

0.050  in 

20/20 

LOX 

15 

0.48  Kgf  m 

0.050  in 

20/20 

LOX 

15 

0.19  Kgf  m 

0.050  in 

4/20 

LOX 

15 

0.094  Kgf  m 

0.050  in 

2/20 

LOX 

15 

10  Kgf  m 

0.050  in 

20/20 

LOX 

15 

7.62  Kgf  m 

0.050  in 

20/20 

LOX 

15 

5.54  Kgf  m 

0.050  in 

20/20 

LOX 

15 

3.46  Kgf  m 

0.050  in 

20/20 

LOX 

15 

1.38  Kgf  m 

0.050  in 

4/20 

LOX 

15 

0.68  Kgf  m 

0.050  in 

2/20 

Table  2f,  LOX  Compatibility  Tested  Via  D25 12  Mechanical  Impact:  MSFC  HDBK  527  Rev  F  JSC  09604  Rev 
F,  Sep  1988 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase 

Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Adhesive  EPON  828/ 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.010  in 

0/20 

EPOCAST  HN951 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.020  in 

1/9 

(Epoxy) 

LOX 

-297  F 

50 

10  Ft-Lb 

0.020  in 

1/13 

Adhesive  Loctite  L0555 

LOX 

-297  F 

1500 

72  Ft-Lb 

0.007  in 

0/20 

Clamp  Sleeve  Teflon  TFE  LOX 

-297  F 

14.7 

72  Ft-Lb 

0.031  in 

0/20 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.046  in 

0/20 

Coating  850-204  TFE 

LOX 

-297  F 

600 

72  Ft-Lb 

0.064  in 

0/20 

Green 

Coating  850-204  / 

LOX 

-297  F 

1000 

72  Ft-Lb 

0.003  in 

0/20 

851-225/856-204 

LOX 

-297  F 

15 

72  Ft-Lb 

0.003  in 

0/20 

Coating  851-204/ 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.003  in 

0/20 

851-224  TFE 

Coating  851-224  Green 

LOX 

-297  F 

400 

72  Ft-Lb 

0.065  in 

0/20 

850-204  Green  (PTFE) 

Coating  851-225 

LOX 

-297  F 

1050 

72  Ft-Lb 

0.002  in 

0/20 

850-201  (PTFE) 

Coating  851-245 

LOX 

-297  F 

1000 

72  Ft-Lb 

0.065  in 

0/20 

850-204  (PTFE) 

Coating  DAPCO  2031 

LOX 

-297  F 

14.7 

15  Ft-Lb 

0.071  in 

0/20 

(Fluoroelastomer) 

Coating  TRV  DC  Q36077  LOX 

-297  F 

14.7 

10  Ft-Lb 

0.045  in 

1/6 

Ablative  /  EPON  828  / 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.095  in 

1/1 

EPOCAST  951 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.145  in 

1/1 

(Silicone  And  Epoxy) 

Coating  Silicone 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.132  in 

1/1 

SEA200G 

LOX 

-314  F 

14.7 

35  Ft-Lb 

0.131  in 

0/20 
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Table  2f,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  MSFC  HDBK  527  Rev  F  JSC  09604  Rev 
F,  Sep  1988,  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase 

Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Coating  TFE  1  Coat  Gray  LOX 

-297  F 

275 

72  Ft-Lb 

0.003  in 

0/20 

Fabric  TFE  Glass 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.006  in 

0/20 

TG  4060 

Film  Aclar  93  3 A 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.002  in 

0/20 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.005  in 

0/20 

Polyimide/Aramid 

LOX 

-297  F 

14.7 

15  Ft-Lb 

0.007  in 

1/13 

FEP/Polyimide 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.006  in 

1/2 

Polyimide/Glass 

LOX 

-297  F 

14.7 

20  Ft-Lb 

0.006  in 

0/20 

Mylar  "S" 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.010  in 

0/20 

Mylar  Type  A 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.009  in 

1/20 

Teflon  FEP 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.003  in 

0/20 

Teflon  FEP  T 160 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.010  in 

0/20 

Fluorogold 

(75%  PTFE/25%  Glass) 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.016  in 

0/20 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.047  in 

0/40 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/40 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.063  in 

0/60 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.065  in 

0/40 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.090  in 

0/20 

LOX 

-297  F 

50 

72  Ft-Lb 

0.090  in 

0/20 

Fluoroloy  SL 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.175  in 

0/20 

(PTFE/Graphite) 

Graphite 

LOX 

-297  F 

12.4 

72  Ft-Lb 

0.060  in 

0/40 

LOX 

-297  F 

500 

72  Ft-Lb 

0.060  in 

0/40 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.160  in 

0/20 

LOX 

-297  F 

300 

72  Ft-Lb 

0.160  in 

0/20 

PDL4034  FR  Foam 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.250  in 

2/5 

(Polyurethane) 

Solimide  TA301  Foam 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.250  in 

2/20 

(Polyimide) 

Kel  F  8 1 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/60 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.125  in 

0/20 

LOX 

-297  F 

1500 

10  Ft-Lb 

0.060  in 

1/17 

KelF  81/6061  Resin 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.010  in 

0/20 

Kel  F  81/AR-7 

LOX 

-297  F 

14.7 

30  Ft-Lb 

0.070  in 

0/20 

Kel  F  Unplasticized 

LOX 

-297  F 

14.7 

35  Ft-Lb 

0.006  in 

0/20 

(Poly  Trifluoro 

LOX 

-297  F 

14.7 

65  Ft-Lb 

0.010  in 

0/20 

ChloroEthylene) 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/20 

LOX 

-297  F 

200 

72  Ft-Lb 

0.050  in 

0/20 

LOX 

-297  F 

400 

72  Ft-Lb 

0.040  in 

0/60 

LOX 

-297  F 

400 

72  Ft-Lb 

0.088  in 

0/60 

LOX 

-297  F 

50 

72  Ft-Lb 

0.051  in 

0/20 

Laminated  Epoxy/Glass 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.250  in 

1/1 

(NEMAG11) 

Kritox  240AC  Grease 

LOX 

-297  F 

1000 

72  Ft-Lb 

0.050  in 

0/160 

Rulon  A  (TFE/Glass) 

LOX 

-297  F 

600 

72  Ft-Lb 

0.031  in 

0/80 

Potting  Compound 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.047  in 

2/2 

Polyurethane  PRP1538 

Potting  Compound 

LOX 

-297  F 

15 

72  Ft-Lb 

0.062  in 

2/3 

Stycast  1095/17  (Epoxy) 
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Table  2f,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  MSFC  HDBK  527  Rev  F  JSC  09604  Rev 
F,  Sep  1988,  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase 

Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

60%  Bronze  Filled  TFE 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/20 

Teflon  /  25%  Glass 

LOX 

-297  F 

1000 

72  Ft-Lb 

0.060  in 

0/20 

LOX 

-297  F 

1500 

72  Ft-Lb 

0.610  in 

0/40 

EPR  Rubber  E688-70 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.045  in 

2/6 

LOX 

-297  F 

147 

72  Ft-Lb 

0.045  in 

2/6 

EPR  Rubber  E692-75 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.087  in 

1/20 

Fluorosilicone 

Rubber  L677-70 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.066  in 

0/22 

Kalrez  1050 

LOX 

-290  F 

414.7 

72  Ft-Lb 

0.187  in 

0/20 

Neoprene  BC  CWB10 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.090  in 

8/25 

Silicone  RTV  577 

LOX 

-314  F 

14.7 

65  Ft-Lb 

0.118  in 

0/20 

Silicone  577/9811 

GOX 

70  F 

1500 

72  Ft-Lb 

0.060  in 

2/27 

Silicone  RTV  651 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.065  in 

1/20 

Silicone  RTV  DC3-6077 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.025  in 

1/1 

LOX 

-314  F 

14.7 

30  Ft-Lb 

0.075  in 

0/20 

LOX 

-314  F 

14.7 

35  Ft-Lb 

0.125  in 

0/20 

Viton  2702-75 

LOX 

-297  F 

400 

10  Ft-Lb 

0.5  in 

1/20 

Viton  3-9 12V 

LOX 

-297  F 

400 

10  Ft-Lb 

0.115  in 

0/20 

Viton  3-9 16V 

LOX 

-297  F 

400 

10  Ft-Lb 

0.113  in 

1/20 

Viton  75 

LOX 

-297  F 

400 

10  Ft-Lb 

0.050  in 

1/1 

Viton  9009-90 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.072  in 

5/20 

LOX 

-297  F 

1500 

72  Ft-Lb 

0.072  in 

0/20 

Viton  A 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.031  in 

4/30 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.062  in 

22/220 

Viton  Fluid  Resistant 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.070  in 

59/100 

Viton  O-Ring 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.086  in 

2/2 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.135  in 

0/20 

Viton  O-Ring  19357 

LOX 

-297  F 

400 

10  Ft-Lb 

0.012  in 

1/1 

Viton  O-Ring  CPD  19447  LOX 

-297  F 

14.7 

10  Ft-Lb 

0.070  in 

1/1 

Viton  O-Ring  S/A  2-012 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.070  in 

1/6 

Viton  O-Ring  S/A  2-014 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.070  in 

1/4 

Viton  O-Ring  S/A  2-016 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.070  in 

1/1 

Viton  O-Ring  S/A  2-020 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.070  in 

1/7 

Viton  O-Ring  S/A  2-024 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.070  in 

1/1 

Viton  O-Ring  S/A  2-035 

LOX 

-297  F 

14.7 

15  Ft-Lb 

0.070  in 

1/4 

LOX 

-297  F 

230 

10  Ft-Lb 

0.070  in 

0/20 

Viton  O-Ring  S/A  343 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.210  in 

1/6 

Viton  O-Ring  S/A2-214 

LOX 

-297  F 

400 

10  Ft-Lb 

0.140  in 

1/1 

Viton  V709-90 

LOX 

-297  F 

1000 

72  Ft-Lb 

0.117  in 

1/60 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.117  in 

1/20 

LOX 

-297  F 

1500 

72  Ft-Lb 

0.117  in 

1/60 

LOX 

-297  F 

500 

72  Ft-Lb 

0.117  in 

0/20 

Viton  V747-75 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.070  in 

8/20 

PTFE  15%  Glass  Fill 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/20 

PTFE  25%  Glass  Fill 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/20 

Graphitar  114  Carbon 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.250  in 

0/20 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.578  in 

0/20 

LOX 

-297  F 

300 

72  Ft-Lb 

0.250  in 

0/20 

LOX 

-297  F 

300 

72  Ft-Lb 

0.578  in 

0/20 
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Table  2f,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  MSFC  HDBK  527  Rev  F  JSC  09604  Rev 
F,  Sep  1988,  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase 

Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Neoprene  DAPCO  2030 

LOX 

-297  F 

14.7 

15  Ft-Lb 

0.005  in 

1/12 

LOX 

-314  F 

45 

15  Ft-Lb 

0.005  in 

0/20 

Tape  FEP/ARIMID 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.010  in 

1/2 

Tape  FEP/Polyimide/ 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.011  in 

2/5 

ARAMID 

Tape  Teflon  Antiseize 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.003  in 

0/60 

TPE  11%  Metal  Ox  Fill 

LOX 

-297  F 

275 

72  Ft-Lb 

0.025  in 

0/40 

Teflon  FEP 

LOX 

-297  F 

1000 

72  Ft-Lb 

0.062  in 

0/6 

LOX 

-297  F 

1050 

72  Ft-Lb 

0.010  in 

0/40 

LOX 

-297  F 

275 

72  Ft-Lb 

0.018  in 

0/20 

Teflon  G-83  PTFE 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.018  in 

0/20 

Teflon  PTFE  Discs 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.016  in 

1/1 

Powdered  PTFE 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.050  in 

0/20 

Teflon  TFE  3602 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/20 

Virgin  PTFE  Teflon 

LOX 

-297  F 

1050 

72  Ft-Lb 

0.010  in 

0/60 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.250  in 

0/60 

LOX 

-297  F 

200 

50  Ft-Lb 

0.018  in 

0/20 

LOX 

-297  F 

200 

72  Ft-Lb 

0.018  in 

0/20 

LOX 

-297  F 

275 

72  Ft-Lb 

0.020  in 

0/20 

Teflon  25%  Glass  Fill 

LOX 

-297  F 

1050 

72  Ft-Lb 

0.128  in 

0/20 

Aramid  Thread 

LOX 

-297  F 

14.7 

10  Ft-Lb 

0.020  in 

1/1 

FEP  100  HST  Tubing 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.012  in 

0/360 

Korvex  FEP  HS  Tubing 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.055  in 

0/20 

LOX 

-297  F 

45 

72  Ft-Lb 

0.007  in 

0/20 

Korvex  PTFE  HS  Tubing 

LOX 

-297  F 

100 

72  Ft-Lb 

0.095  in 

0/20 

Tubing  Laminated/ 

LOX 

-297  F 

600 

72  Ft-Lb 

0.070  in 

0/20 

Rolled  PTFE/ Glass 

LOX 

-297  F 

600 

72  Ft-Lb 

0.090  in 

0/280 

Fabric  Base 

PTFE  Shrinkable  Tubing 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.004  in 

0/20 

PTFE  HST  Tubing 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.095  in 

0/20 

LOX 

-297  F 

100 

72  Ft-Lb 

0.086  in 

0/20 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.080  in 

3/99 

FEP  HST  Tubing 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.018  in 

0/360 

Vespel  SP-1  Polyimide 

LOX 

-297  F 

300 

72  Ft-Lb 

0.057  in 

0/20 

Vespel  SP-21 

LOX 

-297  F 

100 

72  Ft-Lb 

0.053  in 

0/20 

15%  Graphite  Fill 

LOX 

-297  F 

1050 

55  Ft-Lb 

0.060  in 

0/20 

LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/20 

LOX 

-297  F 

275 

55  Ft-Lb 

0.040  in 

2/33 

Vespel  SP-21 1  Polyimide  LOX 

-297  F 

14.7 

72  Ft-Lb 

0.060  in 

0/40 

/Graphite/PTFE 
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Table  2g,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA,  JSC,  WSTF-IR-93-0024 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase 

Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Gr/F655 

LOX 

-183  C 

12.4 

72  Ft-Lbf 

0.768  cm 

6/16  Flash  and 

(Toughened 

Bismaleimide), 

Woven  Fabric 

(-297  F) 

(85.5  kPa) 

62.7  Ft-Lbf 

(0.302  in) 

0/7  Charring 
RXNs 

Gr/F650 

LOX 

-183  C 

12.4 

72  Ft-Lbf 

0.564  cm 

7/10  Flash, 

(Bismaleimide), 

(( 

(-297  F) 

(85.5  kPa) 

62.7  Ft-Lbf 

(0.222  in) 

2/8  Audible,  and 

Laminate 

66 

66 

u 

54.4  Ft-Lbf 

0/2  Charring 

a 

a 

a 

47.4  Ft-Lbf 

66 

0/1  RXNs 

a 

a 

a 

31.1  Ft-Lbf 

66 

0/1 

Gr/BtCy-3 

LOX 

-183  C 

12.4 

72  Ft-Lbf 

0.746  cm 

1/1  Flash, 

(Cyanate  Ester), 

“ 

(-297  F) 

(85.5  kPa) 

54.4  Ft-Lbf 

(0.294  in) 

1/1  Audible,  and 

Woven  Fabric 

“ 

“ 

40.7  Ft-Lbf 

“ 

1/1  Charring 

“ 

“ 

35.7  Ft-Lbf 

“ 

1/2  RXNs 

“ 

“ 

23.4  Ft-Lbf 

“ 

1/1 

“ 

“ 

20.4  Ft-Lbf 

“ 

2/3 

“ 

“ 

17.7  Ft-Lbf 

“ 

5/8 

tt 

66 

a 

15.4  Ft-Lbf 

66 

2/7 

66 

66 

a 

13.4  Ft-Lbf 

66 

0/2 

66 

66 

a 

11.6  Ft-Lbf 

66 

0/1 

66 

66 

a 

8.7  Ft-Lbf 

66 

0/1 

Gr/F3900 

LOX 

-183  C 

12.4 

72  Ft-Lbf 

0.636  cm 

3/6  Flash 

(Toughened  Epoxy), 

a 

(-297  F) 

(85.5  kPa) 

62.7  Ft-Lbf 

(0.250  in) 

1/4  and 

Woven  Fabric 

“ 

“ 

54.4  Ft-Lbf 

“ 

5/6  Charring 

“ 

“ 

47.4  Ft-Lbf 

“ 

0/5  RXNs 

“ 

40.7  Ft-Lbf 

“ 

1/2 

“ 

“ 

35.7  Ft-Lbf 

“ 

0/1 

“ 

“ 

31.1  Ft-Lbf 

“ 

0/1 

“ 

27.1  Ft-Lbf 

“ 

0/1 

IM7  /  8551-7A 

LOX 

-183  C 

12.4 

72  Ft-Lbf 

0.549  cm 

3/6  Flash 

(Toughened  Epoxy), 

(( 

(-297  F) 

(85.5  kPa) 

62.7  Ft-Lbf 

(0.216  in) 

2/3  and 

Laminate 

66 

a 

a 

54.4  Ft-Lbf 

u 

4/6  Charring 

66 

a 

a 

47.4  Ft-Lbf 

66 

3/6  RXNs 

66 

a 

a 

40.7  Ft-Lbf 

66 

0/3 

“ 

35.7  Ft-Lbf 

0/2 

AS4/3501-6 

LOX 

-183  C 

12.4 

72  Ft-Lbf 

0.654  cm 

1/1  Flash, 

(Epoxy),  Woven  Fabric 

“ 

(-297  F) 

(85.5  kPa) 

54.4  Ft-Lbf 

(0.258  in) 

1/1  Audible 

“ 

“ 

“ 

47.4  Ft-Lbf 

“ 

1/1  and 

“ 

“ 

35.7  Ft-Lbf 

“ 

3/4  Charring 

31.1  Ft-Lbf 

“ 

8/10  RXNs 

66 

a 

a 

27.1  Ft-Lbf 

66 

2/10 

66 

a 

66 

23.4  Ft-Lbf 

66 

3/5 

66 

a 

66 

20.4  Ft-Lbf 

66 

4/5 

66 

a 

66 

17.7  Ft-Lbf 

66 

1/6 

66 

a 

66 

15.4  Ft-Lbf 

66 

0/1 

66 

a 

66 

11.6  Ft-Lbf 

66 

0/1 

AS4/LRF387, 

LOX 

-183  C 

12.4 

72  Ft-Lbf 

0.301  cm 

1/1  Flash, 

(Epoxy),  Teflon  Coated, 

“ 

(-297  F) 

(85.5  kPa) 

35.7  Ft-Lbf 

(0.119  in) 

2/2  Audible, 

Laminate 

“ 

“ 

“ 

23.4  Ft-Lbf 

“ 

6/6  and  Charring 

“ 

“ 

20.4  Ft-Lbf 

“ 

5/1 1  RXNs 

“ 

17.7  Ft-Lbf 

“ 

2/8 

tt 

a 

66 

15.4  Ft-Lbf 

66 

0/2 
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Table  2g,  LOX  Compatibility  Tested  Via  D2512  Mechanical  Impact:  NASA,  JSC,  WSTF-IR-93-0024,  cont. 


Material 

Oxygen 

Pressure 

Impact 

Specimen 

Results 

Phase 

Temp 

Psi 

Energy 

Thickness 

Reactions  /  Impacts 

Glass/Phenolic, 

LOX 

-183  C 

12.4 

72 

Ft-Lbf 

0.788  cm 

i/i 

Flash, 

Woven  Fabric 

“ 

(-297  F) 

(85.5  kPa) 

40.7 

Ft-Lbf 

(0.310  in) 

i/i 

Audible, 

“ 

“ 

“ 

35.7 

Ft-Lbf 

“ 

5/6 

and  Charring; 

“ 

“ 

“ 

31.1 

Ft-Lbf 

“ 

5/8 

Chunks  Blown 

“ 

“ 

“ 

27.1 

Ft-Lbf 

“ 

1/6 

Out  Of  Cups 

a 

a 

a 

23.4 

Ft-Lbf 

tt 

0/3 

due  to  RXNs 

a 

a 

a 

17.7 

Ft-Lbf 

i6 

0/1 

Glass/NRL-1 

LOX 

-183  C 

12.4 

72 

Ft-Lbf 

0.562  cm 

1/1 

Flash, 

(Fluorinated  Epoxy), 

(( 

(-297  F) 

(85.5  kPa) 

35.7 

Ft-Lbf 

(0.221  in) 

2/2 

Audible,  and 

Woven  Fabric 

a 

a 

a 

31.1 

Ft-Lbf 

2/2 

Charring; 

“ 

“ 

“ 

27.1 

Ft-Lbf 

“ 

7/9 

Chunks 

“ 

“ 

“ 

23.4 

Ft-Lbf 

“ 

1/8 

Blown 

“ 

“ 

“ 

20.4 

Ft-Lbf 

“ 

2/4 

Out  Of 

“ 

“ 

“ 

17.7 

Ft-Lbf 

1/5 

Cups  due 

“ 

“ 

“ 

8.7 

Ft-Lbf 

“ 

0/1 

to  RXNs 

IM7/PEEK, 

LOX 

-183  C 

12.4 

72 

Ft-Lbf 

0.154  cm 

1/1 

Flash, 

Laminate 

tt 

(-297  F) 

(85.5  kPa) 

35.7 

Ft-Lbf 

(0.061  in) 

1/1 

Audible, 

a 

i6 

a 

17.7 

Ft-Lbf 

a 

3/3 

and  Charring 

a 

a 

a 

15.4 

Ft-Lbf 

a 

3/4 

RXNs 

a 

a 

a 

13.4 

Ft-Lbf 

a 

3/6 

u 

a 

a 

11.6 

Ft-Lbf 

a 

3/6 

a 

a 

a 

10.1 

Ft-Lbf 

a 

1/6 

“ 

“ 

8.7 

Ft-Lbf 

“ 

0/3 

T650-42  /  V-25 

LOX 

-183  C 

12.4 

72 

Ft-Lbf 

0.180  cm 

7/16  Flash  and 

(Epoxy),  Laminate 

“ 

(-297  F) 

(85.5  kPa) 

62.7 

Ft-Lbf 

(0.071  in) 

3/9 

Charring 

“ 

“ 

“ 

54.4 

Ft-Lbf 

0/4 

RXNs 

“ 

“ 

35.7 

Ft-Lbf 

0/1 

Gr/Avimid  N 

LOX 

-183  C 

12.4 

72 

Ft-Lbf 

0.084  cm 

1/1 

Flash  and 

(Polyimide), 

u 

(-297  F) 

(85.5  kPa) 

47.4 

Ft-Lbf 

(0.033  in) 

4/4 

Charring 

Woven  Fabric 

it 

u 

a 

40.7 

Ft-Lbf 

(C 

6/13  RXNs 

u 

a 

a 

35.7 

Ft-Lbf 

i6 

4/6 

a 

a 

a 

31.1 

Ft-Lbf 

i6 

4/7 

tt 

a 

a 

27.1 

Ft-Lbf 

i6 

1/6 

“ 

“ 

23.4 

Ft-Lbf 

“ 

0/2 

“ 

“ 

20.4 

Ft-Lbf 

0/1 

“ 

“ 

17.7 

Ft-Lbf 

0/2 

A  significant  factor  explaining  why  all  of  the  polymer  and  composite  materials  in  table  2  failed  is  their 
very  low  in-plane  thermal  conductivity.  None  of  the  composite  materials  used  any  reinforcing  fibers 
that  exhibit  thermal  conductivity  superior  to  nickel  and  all  exhibited  thermal  conductivity  inferior  to 
aluminum.  In  fact  none  of  the  fibers  making  up  the  composites  listed  on  table  2  exhibit  axial  thermal 
conductivities  greater  than  15  W/mK;  which  is  1  /20th  that  of  aluminum. FP1'FP40,  C1'C45  Figure  6  depicts 
the  in  and  out-of-plane  thermoconductivity  of  various  similar  low  thermoconductivity  PAN  carbon  fiber 
uni  and  quasi-isotropic  composites.  None  of  the  polymeric  matrix  resins  used  in  these  same 
composite  materials  exhibit  thermal  conductivities  greater  than  0.3  W/mK;  which  is  three  orders  of 
magnitude  less  than  that  of  aluminum.  Overall  the  in-plane  thermal  conductivity  of  these  composites 
were  no  greater  than  3  to  5  W/mK  and  the  out-of-plane  thermal  conductivity  of  these  composites  was 
at  best  0.5  W/mK  due  to  the  matrix  resin's  very  low  thermal  conductivity.  With  in  and  out-of-plane 
thermal  conductivities  so  low  the  energy  injected  into  these  composites  by  the  mechanical  impacter 
could  not  be  transported  away  from  the  local  injection  site  and  instead,  as  shown  in  figure  3,  caused 
the  temperature  of  the  composite  fuel  at  the  energy  injection  site  to  significantly  rise  and  set  up 
ignition  conditions. 
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Figure  6,  Thermal  Conductivity  Of  Conventional  PAN  Based  Carbon  Fiber  Composites. 
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Since  a  high  intrinsic  thermal  conductivity  is,  with  only  a  few  notable  exceptions,  the  hall  mark  of  a 
LOX  compatible  material,  it  stands  to  reason  that  it  will  be  necessary  to  at  least  increase  the  in-plane 
thermal  conductivity  of  a  composite  material  up  to  that  which  is  exhibited  by  Aluminum  alloys  at  LOX's 
boiling  temperature.  Fortunately  some  thermally  conductive,  highly  ordered,  and  graphitized  fibers 
have  been  developed  over  the  past  decade.  Highly  ordered  graphite,  also  known  as  polypyrlene,  is 
the  most  LOX  compatible  polymer  known.  When  a  composite  is  fabricated  with  one  of  these  high 
thermal  conductivity  fibers  using  one  of  the  more  LOX  compatible  matrix  resin  systems  available, 
which  also  exhibits  a  high  Tg,  it  should  exhibit  the  overall  in-plane  thermal  conductivity  of  Aluminum 
alloys.  While  little  data  is  available  on  the  thermal  conductivity  of  such  composites  at  LOX’s  boiling 
temperature,  figure  7  provides  a  good  indication  of  the  in-plane  thermal  conductivity  over  a  range  of 
temperatures  of  various  lay  up  schemes  of  composites  using  K13D  and  K13C  and  YS95  and  YS90 
fiber  composites  also  implies  roughly  the  same  measure  of  in-plane  thermal  conductivity.  Figures  8 
depicts  the  thermoconductivity  of  Granoc  graphite  XN  fibers  over  a  span  of  temperatures  and  figure  9 
depicts  the  room  temperature  conductivity  of  various  other  Granoc  graphite  XN  fibers  and  various 
Toray  Pan  fibers.  Since  the  in-plane  thermoconductivity  of  a  composite  is  a  straight  rule  of  mixtures 
formula  and  the  thermal  conductivity  of  all  resin  matrixes  is  roughly  the  same,  it  is  a  very  good 
assumption  to  expect  that  any  60+%  volume  fraction  composite  using  these  high  thermal  conductivity 
fibers  would  also  exhibit  aluminum  alloy  like  in-plane  thermal  conductivity.  Comparing  the  results 
listed  in  table  2  and  numerous  other  published  composite  material’s  mechanical  impact  LOX 
compatibility  to  the  thermal  conductivities  depicted  in  figures  4  and  6  and  published  in  numerous 
other  efforts  which  measured  the  thermal  conductivity  of  composite  materials,  the  window  of  thermal 
conductivity  needed  in  order  to  make  a  D2512  LOX  compatible  composite  is  shown  in  figure  10. 

The  core  objective  of  this  research  effort  is  to  determine  if  a  composite,  using  thermally  conductive 
reinforcement  fibers  instead  of  the  standard  conventional  carbon  fibers  used  to  date,  suitable  to  the 
fabrication  of  axisymmetric  tanks,  ducts,  and  lines  and  exhibiting  in-plane  thermal  conductivities 
comparable  to  those  metals  which  regularly  pass  D2512,  can  be  found  which  either  passes  or  comes 
close  to  passing  D2512.  A  secondary  objective  will  then  be  to  deduce  and  to  better  understand  what 
happened  to  the  specimens  during  the  D2512  test. 
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0  Degree  Thermal  Conductivity 

Unidirectional  Laminate 


-zoo 


Temperature  C  Granoc  2001 

Figure  7,  Pitch  Graphite  Fiber  Composites  Thermal  Conductivity 
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Thermal  conductivity  as  a  function  of  temperature. 


Figure  8,  Thermal  Conductivity  Of  Granoc  XN  Graphite  Fibers  Versus  Temperature 
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Figure  9,  Room  Temperature  Thermal  Conductivity  Of  Various  PAN  Carbon  And  Pitch  Graphite 
Fibers 
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Figure  10,  Estimated  Thermal  conductivity  window  for  making  a  D2512  LOX  compatible  composite. 
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Theory  Section:  Ignition  Event 


An  ignition  event  always  begins  when  energy  is  delivered  as  shown  in  Figure  1 1  by  one  of  the 
mechanisms  listed  in  Table  3  to  a  small  local  site  as  indicated  from  Table  4’s  quotes  on  a  fuel 
source’s  surface  which  is  in  intimate  contact  with  oxygen  or  any  other  oxidizer.01'0214  (Without  the 
input  of  energy  as  described,  oxygen  in  intimate  contact  with  a  fuel  source  is  chemically  inert.)  The 
magnitude  of  the  energy  required  to  kick  off  the  ignition  event  is  dependent  upon  the  delivery 
mechanism’s  ability  to  concentrate  that  energy  at  the  local  energy  injection  site. 


Fuel 


External  Continuum  Energy  Flux: 

Bulk  Heating 

FRICTION:  ROTATIONAL  RUBBING 
GALLING 

Acoustic  Vibration 
Abrasion 

Electromagnetic  Outside  Source  Radiation 
One  Time  Energy  Packets: 

ADIABATIC  COMPRESSION  “TRAPPED  VOLUME  PRESSURIZATION” 

MECHANICAL  IMPACT:  BLUNT  IMPACT  “HAMMER  BLOW” 

POINT  IMPACT  “CONTAMINANT  PARTICLE  IMPACT” 

Electric  Discharge:  Arcing:  Failing  Electronic  Equipment 

Static  Discharge:  Flowing  LOX/GOX  Across  Containment  Vessel’s  Surface 
High  Shear  Rates:  Mechanical  Rupture  /  Fracture 
Shock  Waves 

MOST  COMMON  LOCALIZED  ENERGY  INJECTION 
MECHANISMS  LEADING  TO  AN  IGNITION  EVENT 
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Table  4,  Ignition  Starts  At  A  Local  Small  Site 

“Mechanical  Impact:  Generates  local  “Hot  Spot”  regions  via  energy  localization  processes 
like  shear  bands  ie  high  rate  shear  regions.  These  regions  are  between  1/150™  and  1/1000™  of 
the  total  of  the  impacted  material.”  P.J.  Miller,  C.S.  Coffey,  and  V.F.  DeVost,  Heating  In  Crystalline 
Solids  Due  To  Rapid  Deformation,  J.Appl.Phys.  59(3), Pg  913-916,  Feb  1986 

"When  the  surface  of  a  specimen  is  exposed  to  heat  sources  such  as  thermal  radiation  or  hot  air, 
the  temperature  in  the  solid  increases  gradually...  .  As  a  result,  the  hot  part  in  the  polymer  is 
decomposed  thermally  with  a  rate  depending  upon  the  local  temperature  at  each  point,  and 
gaseous  products  are  released  into  the  atmosphere  through  the  polymer  surface.  Sometimes 
this  pyrolysis  process  is  accompanied  by  small  heat  generation.  ...  Next,  a  combustible  gas  -  air 
mixture  is  formed  at  the  adjacent  solid  surface,  and  flaming  combustion  occurs  spontaneously  in 
the  gas  phase, ..."  K.  Akita,  Ignition  Of  Polymers  And  Flame  Propagation  On  Polymer  Surfaces, 
Chapter  10,  Aspects  Of  Degradation  And  Stabilization  Of  Polymers,  Edited  By  H.H.G.  Jellinek, 
Elsevier  Scientific  Publishing  Co.,  Amsterdam  Oxford  NY  1978,  Pg  501-525,  1978 

“Adiabatic  compression  of  gaseous  phase  oxygen  from  pressure  spikes  due  to  water  hammer,  fast 
operation  of  valves  in  high  pressure  systems,  oscillatory  flow,  or  other  sudden  pressurization  can 
cause  localized  temperature  increases  sufficient  to  ignite  many  materials,  especially  organic 
contaminants  or  fire  particles.  ” 

“Water  hammer  forces  in  turn  can  cause  adiabatic  compression  of  gaseous  pockets  which 
can  produce  localized  high  temperatures.”  Harold  W.  Schmidt,  and  Forney  ,  ASRDI  Oxygen 
Technological  Survey.  Vol  9:  Oxygen  Systems  Engineering  Review.  NASA  SP-3090,  1-218,  1975 

“Electric  arcs  and  sparks  produce  temperatures  well  in  excess  of  all  reported  autoignition 
temperatures  for  aluminum.  They  are  highly  localized  and  should  be  effective  in  delivering 
energy  to  the  metal.  However,  despite  the  high  temperature  and  localization  of  the  heat,  the  total 
energy  present  in  sparks  from  static  charge  separation  or  in  arcs  from  low  voltage  wiring  tends  to  be 
small,  and  aluminum,  because  of  its  high  thermal  conductivity,  dissipates  heat  very  effectively.”  Barry 
L.  Werley,  Herve'  Barthelemy,  Robert  Gates,  Joseph  W.  Slusser,  Keith  B.  Wilson,  and  Robert 
Zawierucha,  A  Critical  Review  Of  Flammability  Data  For  Aluminum,  Flamibilitv  And  Sensitivity  Of 
Materials  In  Oxygen-Enriched  Atmospheres:  Sixth  Volume,  ASTM  STP  1197,  Pg  300-345,  1993 

“Ignition  usually  begins  as  a  small  event  and  grows  into  a  fire  through  the  kindling  chain 
sequence.  A  small  amount  of  energy  ignites  a  material  with  a  low  ignition  temperature  ... 

Once  ignited,  the  material  gives  off  enough  heat  to  ignite  bulk  materials  with  higher  ignition 
temperatures  -  which  generate  more  heat  -  until  the  process  is  self-sustaining.  ”  Standard  Guide  For 
Control  Of  Hazards  And  Risks  In  Oxygen  Enriched  Systems,  ASTM  G  128  -  95,  1995 

“Material  with  a  high  thermal  diffusivity  are  better  in  dynamic  systems  since  local  energy 
impulses  will  result  in  less  pronounced  hot  spots  than  materials  with  low  diffusivity.  In  a  static 
system  high  thermal  conductivity  materials  are  more  desirable  for  essentially  the  same  reason.  ... 
The  presence  of  sharp  edges  may  result  in  hot  spots  for  ignition.”  J.G.  Hust,  and  A.F.  Clark,  A 
Survey  Of  Compatibility  Of  Materials  With  High  Pressure  Oxygen  Service,  Cryogenics,  Pg  325-336, 
June  1973 

“Metals  have  high  thermal  conductivities  that  help  dissipate  local  heat  inputs  that  might  easily 
ignite  nonmetals”  Standard  Guide  For  Evaluating  Metals  For  Oxygen  Service,  ASTM  G  94  -  92, 

1992 

“Metals  with  good  thermal  conductivities,  should  be  more  difficult  to  ignite  because  local  hot 
spots  can  be  dissipated  before  ignition  occurs.”  Joseph  W.  Slusser,  and  Keith  A.  Miller,  Selection 
Of  Metals  For  Gaseous  Oxygen  Service,  Flamibilitv  And  Sensitivity  Of  Materials  In  Oxygen-Enriched 
Atmospheres:  ASTM  STP  812,  Pg  167-191,  1983 
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Thermal  chemical  equilibrium  between  oxygen  and  a  polymer  based  fuel  source  such  as  a  PMC 
causes  the  oxygen  to  first  adsorb  onto  the  surface  of  the  PMC  fuel  at  the  nominal  surface  and  then  to 
diffuse  into  the  PMC  and  form  a  gradient  through  the  fuel’s  thickness.  This  gradient’s  highest 
concentration  is  at  the  nominal  surface,  where  liquid/gaseous  oxygen  predominates  to  one  side  and 
the  PMC  to  the  other,  and  lowest  at  the  other  side  where  atmospheric  conditions  usually  exist.  This 
concentration  usually  exhibits  an  exponential  decay  thru  the  thickness  of  a  polymer  because  the 
oxygen  molecules  interact  with  the  various  groups  on  the  polymers  and  fall  into  energy  minimization 
wells  where  they  get  “stuck”  until  energy  becomes  available  to  bump  them  out  and  move  them  further 
through  the  material.  This  condition  constitutes  intimate  contact  between  the  oxygen  and  the  PMC 
fuel.  The  contacting  immediate  surface  is  schematically  depicted  in  figure  12a. 
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Figure  12a,  Ignition  Event:  Intimate  Contact  Of  PMC  Fuel  and  Oxygen  Preliminary  Condition 

The  beginning  step  in  the  ignition  event,  as  previously  mentioned,  is  the  injection  of  some  type  of 
energy  at  a  local  site.  For  this  effort  the  injection  mechanism  is  mechanically  injected  kinetic  energy. 
The  means  of  injecting  this  energy  is  the  D2512  ambient  tester  apparatus  shown  in  figure  5  and  the 
magnitude  of  the  injected  energy  is  98  joules.  This  energy  is  mostly  transformed  into  thermal  energy 
forming  a  local  hot  spot  via  a  mechanism  which  will  be  elaborated  on  in  the  discussion  section.  As 
shown  in  figure  3  some  of  this  energy  is  removed  via  various  thermal  transport  mechanisms.  The 
more  removed  the  better  because  the  remaining  energy  causes  the  PMC  fuel’s  temperature  to 
drastically  and  rapidly  rise.  As  indicated  in  figure  13,  this  local  hot  spot  temperature  rise  can  be  in  the 
hundreds  of  °C  and  occur  in  time  spans  of  one  thousandth  of  a  second  or  less. 
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Figure  13,  Temperature  Vs  Time  Rises  In  NaCl  and  PTFE  Resulting  From  Mechanical  Impacts 
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When  the  PMC  fuel’s  temperature  at  the  local  hot  spot  has  climbed  sufficiently  the  next  step  in  the 
ignition  event  occurs:  the  fuel  begins  to  break  down  (degrade)  into  small  segments  via  radical  chain 
scission  as  depicted  in  figure  12b.  The  onset  of  this  degradation  is  solely  dependent  upon  the 
thermal  stability  (ie  the  temperature  at  which  decomposition  begins)  of  the  matrix  used  in  the 
composition  of  the  PMC  fuel.  Matrixes  made  from  more  aliphatic  constituents  break  down  at  lower 
temperatures.  Matrixes  made  from  more  aromatic  constituents  break  down  at  somewhat  higher 
temperatures.  Matrixes  made  of  various  heterocyclic  groups  such  as  imides  break  down  at 
significantly  higher  temperatures.  And  matrixes  made  with  halogens  amongst  their  constituents  break 
down  at  even  higher  temperatures.  Many  of  the  oxygen  molecules  adsorbed  onto  and  diffused  into 
the  PMC  are  now  excited  into  Triplet,  Singlet,  etc  states  and  into  the  diradical  state. 


Figure  12b,  Ignition  Event:  Radical  Chain  Scission  Breakdown  Of  PMC  Fuel 

Almost  instantaneously  with  the  radical  chain  scission  breakdown  of  the  PMC  fuel  the  chemistry  of 
the  ignition  event  depicted  in  figure  12c  begins.  This  chemistry  is  that  of  peroxides  and  the  diverse 
chemical  reaction  paths  and  end  products  that  this  chemistry  takes  and  generates  is  described  in 
table  5. 
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Figure  12c,  Ignition  Event:  Peroxide  Oxidation  Radical  Addition  Chemistry 
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Radical  addition  is  the  mechanism  of  reaction  for  the  oxidation  of  an  organic  material  such  as  the 
PMC’s  matrix.  For  all  effects  and  purposes  this  chemistry  is  only  possible  after  radicals  have  been 
generated  in  the  fuel  as  direct  initiation  is  highly  endothermic.  This  accounts  for  oxygen’s  chemical 
inertness  when  in  contact  with  a  fuel  without  an  ignition  event  initiating  energy  injection.  The  addition 
reaction  mechanism  which  generates  primarily  peroxide  chemicals  out  of  the  PMC  fuel  is  extremely 
fast:  almost  one  million  times  faster  than  other  addition  chemical  reactions.  It  also  generates  a 
significant  amount  of  heat:  the  heat  of  formation  of  carbon  oxygen  bonds  is  between  75  and  1 00  kcals 
per  mole.  This  heat  gets  dumped  into  the  small  local  site  where  the  original  ignition  event  kick  off 
energy  was  injected  and  makes  the  local  hot  spot’s  temperature  rapidly  rise  (due  to  the  peroxide 
chemistries’  rapid  reaction  rate)  to  become  a  really  hot  spot.  This  temperature  rise  induces  even 
more  thermal  degradation  of  the  PMC  fuel  and  more  peroxide  oxidation  occurs.  In  addition  to  the 
heat,  the  peroxide  radicals  formed  attack  the  PMC  fuel  and  causes  even  more  of  it  to  be  broken  down 
into  a  readable  chemical  state. 

Metal  complexes  catalyze  the  breakdown  of  peroxide  chemicals  into  peroxide  radical  chemicals. 
These  in  turn  attack  and  further  degrade  the  PMC  fuel  into  even  more  peroxide  chemicals,  and 
peroxide  radical  chemicals  generating  and  dumping  even  more  heat  into  the  PMC  fuel  which  further 
degrades  the  fuel.  Trace  quantities  of  metals  amounting  to  no  more  then  100  parts  per  million  (PPM) 
can  significantly  accelerate  the  peroxide  oxidation  chemistry  and  the  breakdown  of  the  PMC  fuel. 

The  impact  of  contaminants  and  poor  cleaning  on  the  safe  use  of  a  LOX  components  first  manifest 
themselves  at  the  radical  chain  scission  thermal  breakdown  and  peroxide  radical  addition  oxidation 
stages  of  the  ignition  event.  After  human  error,  the  most  common  contributing  factor  to  catastrophic 
ignition  events  in  LOX  components  is  a  failure  to  properly  clean  and  maintain  them  contaminant  free. 
The  presence  of  contaminants  usually  takes  the  chemical  form  of  lower  molecular  weight  aliphatics  in 
the  physical  form  of  cutting  oils,  lubricant  greases,  the  oils  from  fingerprints  etc.  As  shown  in  Table  6 
and  Figure  14  aliphatics  begin  thermally  breaking  down  and  producing  the  chemical  byproducts  of 
peroxide  oxidation  chemistry  at  temperatures  100°Cs  lower  than  materials  making  up  LOX 
components  made  from  aromatics,  heterocyclics  and  halogens.  When  these  contaminants  get  to  the 
thermal  breakdown  and  peroxide  oxidation  stages  of  the  ignition  event  they  generate  heat  even  faster 
than  said  same  stages  for  the  main  LOX  component  constituting  material,  which  raises  the  local  hot 
spot’s  temperature  rapidly  up  to  those  material’s  breakdown  and  oxidation  stages.  This  is  known  as 
the  kindling  chain  effect  and  is  the  reason  for  the  imperative  need  for  meticulous  cleaning  and 
contamination  elimination. 

The  combination  of  metal  complexes  and  contaminants  can,  at  these  two  stages  of  an  ignition  event, 
cause  very  extreme  increases  in  the  rate  of  thermal  fuel  breakdown  and  peroxide  oxidation.  These 
increases  can  be  so  severe  that  the  ignition  event  takes  on  the  characteristics  of  an  explosion  with  all 
of  an  explosion’s  deleterious  results. 

Overall  for  the  reasons  and  causes  elaborated  above  it  is  imperative  that  any  material  intended  for 
use  in  a  LOX  handling  component  absolutely  must  be  meticulously  cleaned  and  maintained  clean.  It 
also  must  exhibit  a  metal  content  below  100  PPM.  Failure  to  achieve  these  will  skew  the  material 
towards  a  tendency  to  progress  farther  down  the  ignition  event  sequence  towards  lesser  desirable 
end  results  and  falsely  imply  a  greater  tendency  for  the  uncontaminated  material  to  react. 
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ROOH  +  M(III)  ^  ROa-  +  M(II)  +  H+ 

Noteworthy  Exception: 

Initiation  by  direct  reaction  of  the  organic  substrate  and  molecular  oxygen, 
RH  +  02  -*■  R*  +  HOa*  (D.I.) 

is,  for  most  hydrocarbons,  thermodynamically  and  kinetically,  unfavorable. 
Reaction  (D.I.)  is  highly  endothermic  and  must  be  a  very  slow  reaction  at  low 
temperatures,  because  the  bond  dissociation  energy  of  the  C— H  bond  (>75 
kcal  mole”1)  is  much  higher  than  that  of  the  H-Oz  bond  (45  kcal  mole-1). 

Kamiya  and  Niki  78 
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Table  6,  Impact  of  Contaminants 


Gaseous  products 
Nothing  Detectable 
Hydrocarbons 

Hydrocarbons,  C02,  CxHyO. 
Hydrocarbons,  C02,  CxHyO. 
Ignition 

Hydrocarbons ,  C02 ,  CxHyO 

cof2,  cf4,  sif4 


Temperature,  *C 


Gaseous  products 

Nothing  Detectable 
Nothing  Detectable 

C02,  cof2 

C02,  COF2,  CF4,  SiF4 
Ignition 

C02,  CO,  COF2,  cf4, 
SiFd 


Temperature 


327 

<390 

450 

520 

525 

610 

660 


FITE  tested  with  FTIR  spectrometer, 
BmcealliK  Gaseous  Products 


FT7R  Absorbance  Spectre  of  PTFE  Prior  to  Ignition, 
Note:  No  CxFyOz  Polymer  Peroxides 


DSC  Features 


Nothing  Detectable 
Nothing  Detectable 
CQ2,  COFj 
CO^,  COF3,  CF4i  SiF* 
Ignition 

COa,  CO,  COF2l  CF4,  SiF, 
SiF4 


Melting  point 
Not  tested 


LFTFE  (Teflon  grade  8A),  SSO-mg  samples,  10  ^minute,  15D-SCCM  oxygen. 
’SsF4  is  an  artifact  of  quartz  tube  reaction  with  fluorine. 


HDPE  tested  with  FUR  spectrometer. 
Temperature  Gaseous  Productsb 


Melting  point 
Pre-exotherm 
Beginning  of  exotherm 
Plateau  of  exotherm 


Nothing  Detectable 
Nothing  Detectable 
CXH-Q„  COa,  CO 
C^O^OViCQ! 
Ignition 

C,H  Ot1,COjt  ,  COt 
C^O^CO^COt 


lHDPE  (Quantum,  LR  720),  250-mg  samples,  10  K/minute,  150-SCCM  oxygen 
*t:  Quantity  increasing  at  that  temperature;  * :  Quantity  decreasing  at  that 
temperature 


Tapp  horn  Et  A I  91 


Figure  14a,  Chemical  Thermal  Degradation  Breakdown  Products  Vs  Temperature:  PTFE  and  HDPE 
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The  chemical  by  products  of  the  fuel  breakdown  and  peroxide  oxidation  chemistry  are  now  very  hot, 
small  molecular  weight  chemicals  in  a  gaseous  physical  state.  These  gaseous  state  compounds  then 
evolve  their  way  to  the  fuel’s  nominal  surface  and  then  into  the  LOX  as  shown  in  figure  1 2d.  The  rate 
at  which  this  emanation  of  the  oxidized  volatile  fuel  into  the  adjoining  LOX  as  a  gas  progresses  is 
governed  by  the  material  and  circumstance  specific  gasification  rate.  This  next  step  in  the  ignition 
event  of  a  PMC  fuel  is  known  as  gasification. 


Note:  Volatile  Fuel  Generated  By 
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Figure  12d,  Ignition  Event:  Gasification 


When  a  solid  material  is  transformed  directly  into  a  gaseous  material,  as  is  happening  to  the  PMC 
fuel  during  the  chain  scission  and  oxidation  steps  of  the  ignition  event,  the  resultant  gas  is  formed 
directly  into  an  above  atmospheric  pressure  physical  state.  This  pressure  pulse  is  such  in  metals, 
that  have  progressed  to  this  point  in  the  ignition  event,  that  the  evolving  gas  creates  microscopic 
blow-holes  through  to  the  surface  of  metals.  These  have  been  reported  as  evidence  of  LOX  micro 
reactions,  and  are  not  considered  to  be  counted  as  reactions  in  various  LOX  compatibility  tests  such 
as  D2512-G86.  These  pressure  pulses  of  emanating  gas  (ie  the  gasification  ignition  event  step) 
occurring  in  PMC  fuels  would  act  on  the  composites’  laminate  plys  like  a  wedge  being  driven  into 
them  from  the  edge.  This  would  be  like  a  double  cantilever  beam  loading  on  the  composite.  The 
resultant  would  be  ply  delamination  in  the  PMC  starting  at  the  edge  of  the  hot  spot  and  progressing 
away  from  there  into  that  part  of  the  PMC  fuel  which  did  not  experience  the  ignition  event. 
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The  emanation  of  the  degraded  and  peroxide  chemistry  oxidized  PMC  fuel  out  of  the  PMC  via  the 
mechanism  of  gasification  continues  building  up  a  gaseous  bubble.  The  bubble  forms  just  above  the 
local  energy  injection  site  above  the  hot  spot  in  the  PMC  as  shown  in  figure  12e.  This  is  the  next  step 
in  the  ignition  event  called  fuel  bubble  formation.  The  fuel  bubble  consists  of  the  degraded  and 
peroxide  oxidized  PMC  fuel  and  a  mix  of  LOX  and  now  GOX  (as  the  emanating  fuel  is  hot  and  it 
heats  the  LOX  into  GOX). 


Note:  Volatile  Fuel  Generated  By 
Oxidation  And  Pyrolysis  Of  The 
Elevated  Temperature  Solid  Fuel 


LOX 


Bubble  Over  Local 
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Figure  12e,  Ignition  Event:  Fuel  Bubble  Formation 


If  the  temperature  in  the  PMC  fuel’s  hot  spot  is  sustained  long  enough,  the  concentration  of  the 
degraded  and  peroxide  chemistry  oxidized  PMC  fuel  in  the  fuel  bubble  will  continue  to  increase  as 
shown  in  figure  12f  until  it  reaches  its  lean  burn  flammability  limit.  Also  all  of  the  oxygen  in  the  fuel 
bubble  will  have  been  heated  into  gaseous  oxygen.  When  this  minimum  fuel  /  GOX  mix  condition  is 
met  combustion  begins.  This  combustion  completes  the  oxidation  of  the  degraded  and  peroxide 
chemistry  oxidized  PMC  fuel  in  the  bubble  into  the  final  combustion  products  of  C02  and  H20.  This 
marks  the  next  step  in  the  ignition  event:  lean  burn  combustion.  When  it  happens  it  usually  generates 
extremely  rapid  spike  like  rises  in  the  temperature  of  the  fuel  bubble  and  the  remaining  PMC  in  the 
original  local  hot  spot  and  a  rise  in  the  pressure  of  the  fuel  bubble. 


If  the  combustion  of  the  degraded  and  peroxide  chemistry  oxidized  PMC  fuel  in  the  fuel  bubble 
generates  a  sufficient  amount  of  heat,  radiated  back  onto  the  PMC,  then  the  formation  and 
gasification  of  degraded  and  peroxide  chemistry  oxidized  PMC  fuel  will  continue  and  expedite.  This 
fuel  will  then  be  combusted  in  the  fuel  bubble  and  raise  the  bubble’s  and  the  PMC’s  temperature.  If 
this  cycle  sustains  itself  until  the  temperature  of  the  fuel  bubble  and  the  PMC  rises  up  to  the  matrixes’ 
adiabatic  flame  temperature  then  the  final  step  in  the  ignition  event  depicted  in  figure  12g  occurs: 
sustained  combustion.  If  this  final  step  in  an  ignition  event  occurs  then  the  PMC  is  on  fire  as  all 
organic  materials  (such  as  PMCs)  burn  in  the  vapor  phase  above  the  fuel. 


Table  7  attempts  to  correlate  the  physical  chemical  processes  occurring  at  various  ignition  event 
sequence  steps  to  D2512’s  indication  of  reactions  types.  The  table  implies  that  flash  reaction 
indications  should  be  more  frequent  than  char  or  explosion/noise  type  reaction  indications.  It  also 
implies  that  when  explosion/noise  type  reactions  are  detected,  flash  type  reaction  indications  should 
also  be  simultaneously  detected. 
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Figure  12f,  Ignition  Event:  Lean  Burn  Combustion 
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Figure  12g,  Ignition  Event:  Sustained  Combustion:  Fire 
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Table  7,  Possible  Correlation  Of  Ignition  Event  Sequence  To  D2512  Reaction  Indications 


Ignition  Event  Sequence 

Possible  Source: 

Radical  Chain  Scission 
Peroxide  Oxidation  Chemistry 

Probable  Source: 

Gasification 
Fuel  Bubble  Formation 
Lean  Burn  Combustion 
Sustained  Combustion 


Possible  Source: 

Radical  Chain  Scission 
Peroxide  Oxidation  Chemistry 

Probable  Source: 

Gasification 
Fuel  Bubble  Formation 
Lean  Burn  Combustion 
Sustained  Combustion 


Possible  Source: 

Gasification 

Fuel  Bubble  Formation 

Probable  Source: 

Lean  Burn  Combustion 
Sustained  Combustion 


Mechanism  D2512  Reaction  Indication 

Changes  In  The  Electron’s  Flash 

(ie  The  Radical’s) 

Wave  Function  Between 
Various  Excited  and 
Excited  And  Ground  States 
Caused  By  The  High  Temperature 
Of  Their  Environment 


Freezing  Out  Of  The  Radical  Chain  Char 

Scissioned  And  Peroxide  Chemistry 

Oxidized  PMC  Fuel,  When 

Either  It  Diffuses  Out  Of  The  Fuel 

Bubble  Into  The  LOX  and  Cools  Down 

Or  When 

Insufficient  Heat  Is  Generated 
At  The  Local  Energy  Injection  Site’s 
Hot  Spot  And  The  Degraded  Oxidized 
Fuel  Subsequently  Cools 


Generation  Of  Hot  Gas  Phase  Noise  /  Explosion 

Scissioned  And  Peroxide  Chemistry 
Oxidized  PMC  Fuel 

Generation  Of  Very  Hot  High  Pressure 
C02  and  H20  Gas  Resulting  From  The 
Combustion  Of  The  Scissioned  And 
Peroxide  Chemistry  Oxidized  PMC  Fuel 
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Theory  Section:  Hertzian  Fracture 


When  an  object  makes  forceful  contact  with  the  surface  of  a  brittle  material  it  sets  up  a  unique  stress 
field  in  the  brittle  material  under  and  around  the  contacting  location.  H1_H18  The  object  causing  the 
contact  is  generically  known  as  an  indenter.  Its  shape  can  be  best  approximated,  relative  to  the 
D2512  impact  test,  by  a  sphere  or  a  cylinder  as  shown  in  figure  15.  Also  relative  to  this  effort’s 
interest  it  can  also  be  called  an  “impacting  indenter”,  “impacter”,  or  “indenter”. 


Indenters: 


Punch  Spherical  Spherical 


Load  (Hertz):  P , 


Normal  Velocity:  v.  Tangential  Force:  fiP,  Coefficient  Of  Friction :fi. 


Elastic  Contact  Pressure  Distributions:  /f, . T 


Lawn  Wilsliaw  75  Lawn  93  Gerceski  2005 


Figure  15,  Hertzian  Loading  Indenters 


The  nature  of  the  force  can  be  static,  constantly  building  dynamic,  or  impact.  Figure  16  schematically 
depicts  the  unique  stress  field  that  the  indenter  sets  up  in  the  linear  elastic  up  to  fracture  brittle 
material.  This  stress  field  is  known  as  a  Hertzian  stress  field  and  the  mechanics  that  define  it  have 
been  known  since  the  late  19  century. 


Some  interesting  aspects  of  a  Hertzian  stress  field  are  the  location,  intensity  and  type  of  stresses 
developed.  The  zone  immediately  under  the  indenter  is  in  compression  and  shear  to  a  depth  into  the 
brittle  material  roughly  equal  to  the  diameter  of  the  indenter.  But  of  significant  interest  to  this  effort 
are  the  stresses  outside  of  the  indenter’s  contact  zone.  Forming  rings  of  constant  stress  immediately 
outside  of  the  indenter’s  contact  zone,  the  dominate  stresses  are  primarily  a  radial  tension  stress  and 
secondarily  a  hoop  tension  stress. 


If  the  load  applied  by  the  indenter  is  increased,  then  a  crack  develops  in  the  surface  of  the  brittle 
material  in  the  region  of  high  tensile  stress  immediately  outside  of  the  indenter’s  contacting  zone. 

This  crack  follows  a  trajectory  defined  by  the  surface  hoop  stress  and  forms  a  ring  around  the 
indenter  as  shown  in  figure  17a.  If  the  material  exhibits  anisotropy,  such  as  crystal  planes,  then  the 
ring  crack  can  take  on  a  noncircular  with  linear  runs  shape  as  shown  in  figure  17b  as  these 
anisotropies  distort  the  Hertzian  stress  field.  As  the  load  is  further  increased,  the  crack  first  opens  up 
in  the  downward  direction  and  then  moves  outward  following  a  trajectory  defined  by  the  hoop  and 
compressive  stresses.  Figure  18  schematically  depicts  the  development  of  these  Hertzian  fractures. 
This  trajectory  causes  the  resulting  Hertzian  crack  to  take  the  shape  of  a  cone  as  depicted  in  figure 

19  and  schematically  defined  in  figure  20.  The  speed  at  which  this  cone  portion  of  the  Hertzian 
fracture  develops  is  extremely  fast,  calculations  by  Lawn  et  al  74  indicate  that  its  duration  is  between 

20  and  70  millionths  of  a  second  The  angle  which  the  cone  portion  of  the  crack  makes  to  the  free 
nominal  surface  is  dependent  on  the  isotropic  material’s  poissons  ratio:  the  higher  the  poissons  ratio, 
the  shallower  the  cone. 


In  cases  of  extreme  load  or  indenter  misalignment  from  normal  to  the  brittle  material’s  nominal 
surface,  this  cone  crack  turns  again,  first  running  parallel  to,  then  sloping  towards  and  eventually 
intersecting  the  closest  free  nominal  surface  as  seen  in  figure  21 .  These  extreme  case  Hertzian 
fractures  tend  to  produce  flakes  that  are  dislodged  from  the  brittle  material’s  surface  and  exhibit  very 
sharp  edges.  Extreme  case  Hertzian  fracture  is  known  as  Conchoidal  fracture. 
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Contours  of  principal  normal  stresses,  (a)  anf 
(b)  a22,  (c)  Ojj,  in  Hertzian  field,  shown  in  plane  con¬ 
taining  contact  axis.  Plotted  for  v  =  0.33.  Unit  of  stress  is 
p0,  contact  diameter  A  A  is  2a.  Lawn  68  Lawn,  w.ishaw  75 


A  A 


Variation  of  principal  stresses  in  the  surface  of  a  semi¬ 
infinite  elastic  medium  (SS)  in  contact  with  a  spherical  indenter. 
The  stresses  are  measured  along  a  line  coincident  with  a  diameter 
(AA)  of  the  contact  circle,  fa  is  the  unit  of  stress.  Lawn  68 


Contours  of  greatest  principal  stress,  <rlf  in  semi-infinite  clastic 
medium  (surface  SS)  in  contact  (diameter  of  contact  AA) 
with  spherical  indenter.  p0  is  taken  as  the  unit  of  stress.’ 

Broken  lines  are  <7,  stress  trajectories  drawn  from  surface 
at  distances  O-Sd,  a,  l ♦2a  from  centre  of  circle  of  contact. 

Frank  Lawn  67 


Figure  16,  Hertzian  Stress  Field  And  Stress  Trajectories 


Surface  view'  {reflected  light}  ofn  ring  crack  formed  by  dropping  a  steel  ball,  radius 
r  =  0'S75  cm.  onto  a  glass  plate.  The  grease  patch,  radius  a  —  O-Ofll  cm,  reveals  area 
of  contact.  Frank  Laivn  67 

Figure  17a,  Ring  Crack:  Impact  Generated 
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Diameter  surface  cracks  1 .0  mm 


Traces  of  Hertzian  cracks  on  (a)  (100) ,  (b)  <111), 
(c)  (110)  surfaces  of  silicon.  Specimens  lightly  abraded,  indented, 
etched,  and  viewed  in  normally  reflected  light*  f^O.64  cm, 
a  =  0,05  cm* 

Straighter  Segments  of  surface  cracks  lie  along  (races  of  {111}  planes. 

Widlh  of  field 


Fig.  5.  Cross-sectional  profile  of  Hertzian  crack  made  on  the 
(111)  surface  inb.  Plane  of  diagram  is  (Oil).  Double 

arrow  indicates  trace  of  |  111 }  easy-cleavage  plane.  Specimen  sawn 
through  crack,  ground,  lightly  etched,  ana  viewed  in  obliquely 
reflected  light. 

*  Lawn  93  Lawn  68  Lawn  Wilshaw  75 


Figure  17b,  Ring  Crack:  Material  Anisotropy  Effects 


Hertzian  loading  arrangement  showing 
a  schematic  array  of  surface  cracks. 


Hertzian  ring  crack  development  around 
the  auu  principal  stress  trajectories, 
from  one  of  the  surface  cracks* 


Hertzian  cone  crack  fully  developed  along  a 
schematic  representation  of  a  principal 
stress  trajectory  from  a  surface 
crack  at  a  position  yfa  in  the  field. 


s 


Schematic  showing  displacement  configuration 
of  cone  crack  walls  at  incompletely  closed  interface.  Uwoeiais4 


Figure  18,  Hertzian  Cone  Crack  Development 
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Section-and-etch  sequence  of  Hertzian  cone-  crack  growth  in  soda-lime  glass  in  air.  Load  durations,  (a) 

0.5  sec,  (b)  1.4  sec,  (c)  L7  sec,  and  (d)  100  sec.  Note  growth  of  "embryo"  crack  in  (a)  and  (b)  prior  to  sudden 
full  development  in  (c)  and  (d)>  Width  of  surface  ring  crack  0.86  mm.  Lawn,wiistiaw75 

Figure  19a,  Hertzian  Cone  Crack  Development  In  Glass:  Section  And  Etch  View 


Cone  crack  in  soda-lime  glass.  Photographed  under  load 
( p  =  40  kN)  from  cylindrical  punch,  optical  micrograph  (block  edge 
length  50  mm).  Crack  makes  angle  22°  to  Tree  surface.  (After 
Rocslcr,  F.  C.  (1956)  Proc.  Phys ♦  Soc.  Land  B69  981.)  Lawn  93 

Figure  19b,  Hertzian  Cone  Crack  Development  In  Glass:  Edge  View 


The  Hertzian  stress  field  has  the  property  of  geometrical  similarity  if  all  spatial  coordinates  are 
normalised  to  the  contact  radius  ay  and  all  stresses  are  normalised  to  l  he  mean  contact  pres¬ 
sure  pQ^Pfjia*.  The  stresses  in  the  0X7  plane  are  given  by  Huber  as  follows: 


where 

u  =  (xl+ x1  -  a1)  +  [  (x2  +  z1  -a2)2  +  4a1  z2]* } . 

The  principal  stresses  across  the  crack  path  are  2)  =  aXjt  sin2a+ «r1(  cos2a  -  2oxt  sin  a.  cos  a 

where  the  angle  a  between  the  crack  path  and  specimen  surface  is  found  from  tan  2a  —  .  Lawn  Et  A I  74 

Figure  20,  Hertzian  Cone  Crack  Parameters 


RHGercfnM  2005 
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If  the  load  applied  by  the  indenter  is  increased  beyond  the  point  of  full  Hertzian  cone  crack 
development,  then  compressive  and  shear  stresses  develop  in  the  brittle  material  under  the  indenter. 
As  depicted  in  figure  22  these  stresses  fracture  the  brittle  material  into  a  course  powder  which 
subsequently  behaves  like  a  “pressurized”  fluid.  In  essence  this  fracturing  now  creates  a  “new” 
nominal  bulk  brittle  surface  from  which  additional  cone  cracks  can  develop.  If  the  course  powder 
creating  fracturing  in  the  compressive  zone  under  the  indenter  continues  long  enough,  then  the 
stresses  in  the  remaining  bulk  original  material  become  tensile  stresses.  At  this  point  the  entire 
remaining  original  bulk  material  is  in  essence  functioning  as  a  miniature  pressure  vessel  containing 
the  fractured  “pressurized”  course  powder.  The  remaining  original  bulk  material  then  fails  in  tension 
at  its  weakest  or  most  stressed  points.  These  points  are  located  directly  below  the  center  of  the 
indenter  and  directly  below  the  edge  of  the  indenter  forming  what  are  know  as  “vent”  cracks.  These 
tension  cracks  plunge  straight  down  relative  to  the  original  bulk  material’s  nominal  surface. 


Section-and-etch  profiles 
of  crack  patterns  produced 
in  soda-lime  glass  by 
tungsten  carbide  sphere, 
r  =  0.5  mm.  Width  of 
field  in  (a)  to  (d)  1.5  mm. 
(Courtesy  K.  Phillips.) 


Lawn,  Wilshaw  75  Goomki  2005 


Figure  22,  Compressive  Zone  Vent  Crack  Development 
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Initiation  of  the  development  of  the  Hertzian  cone  crack  is  dependent  upon  the  size  and  distribution  of 
initial  inherent  flaws  in  the  surface  of  the  brittle  material.  All  Hertzian  cone  cracks  initiate  at  the  site 
of  a  preexisting  flaw  in  the  surface  of  the  original  bulk  material.  When  a  critical  load  is  imparted  to  the 
brittle  material  by  the  indenter,  the  most  critical  of  the  surface  cracks  originally  in  the  surface  of  the 
material  near  the  indenter  as  seen  in  figure  20  begins  to  open  up  from  the  resulting  surface  Hertzian 
tensile  stress  and  forms  the  ring  crack.  The  sizes  of  these  original  surface  cracks  come  in  a  gaussian 
distribution  as  shown  in  figure  23  over  the  nominal  surface  of  the  material.  The  existence  of  any 
particular  size  of  flaw  found  at  any  particular  point  on  the  surface  of  a  brittle  material  in  the  high 
Hertzian  surface  tensile  stress  zone  resulting  form  an  indenter’s  loading  of  the  material  depicted  in 
figure  16  is  probabilistic.  This  causes  the  magnitude  of  the  necessary  indenter  load  to  initiate  the 
development  of  the  Hertzian  ring  crack  and  subsequent  cone  crack  to  have  a  distribution  as  shown  in 
figure  24.  This  distribution  can  cause  the  ring  crack  initiation  load  to  vary  as  much  as  the  magnitude 
of  the  50  percent  mean  probability  load.  This  distribution  can  be  minimized  by  flaw  size  normalizing 
techniques  like  grinding,  polishing  etc  but  the  probabilistic  nature  of  this  load  will  always  remain. 


Hertzian  fracture  forces  of  as  received 
and  abraded  untoughened  glass. 

—  abraded,  -  -  as-received  cumulative  distributions. 


Flaw  size,  cf  (jam) 

Histogram  showing  variation  of  flaw  density 
with  flaw  size  for 1  as-received  1  plate  glass. 
Results  from  Hertzian  tests,  tungsten  carbide 
ball  r  =  0,35  mm,  N  -  99,  N'  =  97. 

(After  Poloruecki,  Wilshaw, 

(1971)  Nature  229  226.)  Wilshaw  71  Lawn  93 


Force  P"(H} 

The  results  of  Hertzian  fracture  tests  on  as-received 
and  thermally  toughened,  abraded  and  unabraded 
glass  specimens.  —  abraded,  —  as-received. 

(a)  toughened,  (6)  thermally  toughened. 


Figure  23,  Flaw  Density 


Figure  24,  Ring  Crack  Initiation  Load  Probabilities 
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In  addition  to  the  dependence  of  the  Hertzian  cone  crack  fracture  initiating  load  being  dependent 
upon  the  availability  and  size  of  initial  surface  cracks  in  the  original  brittle  material,  the  rate  of  loading, 
the  environment  in  which  the  loading  occurs,  and  the  innate  toughness  of  the  material  also  shift  the 
magnitude  of  this  load.  Figure  25  depicts  the  effect  which  the  rate  of  loading  and  the  environment  of 
the  loading  has  upon  the  magnitude  of  the  load  necessary  to  initiate  the  development  of  the  Hertzian 
cone  crack  fracture.  The  magnitude  of  the  fracture  initiation  load  increases  with  faster  loading  rates 
such  as  impact  indention  and  can  be  substantially  changed  by  the  presence  of  a  fluid  like  water.  The 
toughness  of  the  original  brittle  material  can  also  significantly  impact  the  magnitude  of  the  fracture 
initiation  load.  As  implied  by  the  results  in  figure  24  and  table  8  the  tougher  the  material  the 
substantially  higher  the  initiation  load. 


Lawn  Et  Al  74 

tO-  lO'*  IO‘*  i  O'4  IO'4  K)°  IO*  lO4  lO6 

Variation  of  fracture  load  with  load  duration  and  environment. 

Smooth  curves  indicate  computer  predictions,  data  points 
indicate  test  results  in  water  T  =  300  K  (squares),  T  =  360  K  (circles) 
and  vacuum  (data  courtesy  J.  J.  H.  Beek  and  M.  V.  Swain). 

Figure  25,  Effect  Of  Load  Duration  And  Environment  On  Hertzian  Fracture  Initiation  Load 

Table  8,  Material  Toughness  Influences  On  Hertzian  Fracture  Initiation  Loads 
Critical  Loads  for  Hertzian  Crack  Formation 


Material 

Surface  finish 

Sphere 

diameter  (mm) 

Critical  load 
(N) 

SiC 

Ground 

5 

4.8  ±  0.6  x10s 

If 

if 

10 

1.0  ±0.1  x  10J 

tf 

M 

20 

2.1  ±0.2  X 10* 

AlO, 

Ground 

5 

9.0  ±  0.8  X I01 

M 

t! 

10 

1.8±0.1  XlO4 

»t 

tt 

20 

4.0  ±0.3X10* 

Soda-lime  glass 

Abraded 

5 

3.0±0.4X  10’ 

** 

10 

5.9±0.8xl0s 

■I 

*i 

20 

1.4+0.1X101 

it 

As-received 

10 

7.2  ±  1.0X105  Evans  73 

63 


Throughout  this  discussion  the  orientation  of  the  main  concentric  axis  of  the  indenter  has  been 
implicitly  parallel  to  the  normal  of  the  original  brittle  material’s  nominal  surface  plane.  But  if  the 
indenter’s  axis  is  even  marginally  misaligned,  the  shape  of  the  resulting  Hertzian  fracture  is  changed. 
The  gaps  in  the  Hertzian  ring  cracks  depicted  in  figure  17b  are  the  result  of  a  very  slight  (roughly  one 
degree  of  angle)  misalignment  of  the  central  axis  of  the  punch  (cylindrical)  indenter  used  to  initiate 
them.  As  depicted  in  figure  26  this  would  generate  Hertzian  ring  and  cone  cracks  with  the 
appearance  of  crescents  or  half  moons.  The  misalignment  of  a  circular  cylindrical  indenter,  such  as 
the  striker  of  the  D2512  testing  apparatus,  would  also  cause  the  indenter  contact  area  to  become  a 
truncated  circle  with  sharp  stress  concentrating  points  like  those  found  on  Vickers  and  Knoop 
hardness  indenters.  Since  they  generate  straight  “flare”  cracks  as  seen  in  figure  27  from  these  sharp 
points  it  can  be  expected  that  misaligned  cylindrical  indenters  would  also  create  straight  “flare”  cracks 
attached  to  the  Hertzian  cone  crack. 


For  A  Cylindrical  Indenter  Axially  Alined  For  A  Cylindrical  Indenter  Axially  Miss-Alined 
Parallel  To  The  Nominal  Surface's  Normal  To  The  Nominal  Surface's  Normal  By  P  Degrees 

Figure  26,  Impacter  Miss  Alignment  Effects 


Micrographs  showing  Knoop  indentation  in  hot-pressed  silicon  nitride 
before  (above)  and  after  (below)  application  of  stress.  Width  of  field 
400  pm.  (Courtesy  D.  B.  Marshall.)  Lawn  93 

Figure  27a,  Sharp  Pointed  Indenter  Generated  Cracks:  Knoop  Hardness  Indenter  Developed 
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Vickers  indentations  in  (a)  pre-annealed  and  (b)  thermally 
tempered  soda-lime  glass.  Load  same  in  both  cases.  Residual 
compression  in  tempered  surface  inhibits  radial  crack  extension.  Width 
of  field  400  pm.  (Courtesy  D.  B.  Marshall.)  Lawn  93 

Figure  27b,  Sharp  Pointed  Indenter  Generated  Cracks:  Vickers  Hardness  Indenter  Developed 

If  either  the  indenter  or  the  brittle  material  it  is  loading  or  both  should  slide  tangentially  to  one  another 
during  the  loading  then  the  sliding  will  substantially  change  the  shape  and  magnitudes  of  Hertzian 
stress  field.  Figure  28  depicts  these  changes.  The  sliding,  depending  upon  the  coefficient  of  friction 
between  the  indenter  and  the  brittle  material,  causes  a  significant  reduction  in  the  magnitude  of  the 
radial  tension  stress  in  the  brittle  material  ahead  of  the  direction  of  sliding  and  a  dramatic  increase  in 
the  radial  tension  stresses  in  the  brittle  material  behind  the  indenter’s  travel  direction.  The  increases 
in  these  rear  tension  stresses  can  be  as  much  as  400+  percent  at  coefficients  of  friction  of  as  little  as 
0.4.  Due  to  these  substantial  increases  in  the  radial  tension  stresses,  any  normal  load  which  would 
ordinarily  not  initiate  the  development  of  a  Hertzian  ring  crack  now  does.  Also  because  the  gradient  of 
the  stress  fields  are  significantly  compressed  to  the  rear  of  the  indenter  and  relieved  to  the  front  of  the 
indenter  the  ring  cracks  formed  take  the  shape  of  crescents  or  half  moons.  Additionally  the  sliding 
changes  the  shape  and  distribution  of  the  Hertzian  hoop  and  compressive  stress  fields  such  that  if 
and  when  a  Hertzian  cone  crack  develops  it  will  follow  the  trajectories  of  the  lesser  stress  at  a 
significantly  steeper  angle  on  its  downward  plunge  into  the  brittle  material  forming  steep  sided 
crescent  shaped  cone  cracks.  These  fully  developed  Hertzian  ring  and  cone  cracks  do  not  form 
complete  circular  structures  around  the  original  indenter  site.  When  the  coefficient  of  friction  climbs 
above  0.1  the  Hertzian  stress  fields  become  so  distorted  that  they  cause  the  ring  and  cone  cracks  to 
flare  off  to  the  sides  and  forward  of  the  direction  of  sliding  and  form  straight  ring  and  cone  cracks  to 
these  flanks.  Additionally,  because  of  the  relative  movement  of  the  indenter  brittle  material  pair,  fresh 
material  is  constantly  moving  into  the  Hertzian  stress  field  developed  by  the  indenter.  This  causes 
new  crescents  of  Hertzian  ring  and  cone  cracks  to  develop  and  leaves  a  series  of  these  cracks 
stacked  adjacent  to  and  on  top  of  one  another  in  the  direction  of  sliding  as  seen  in  figure  29.  The 
higher  the  coefficient  of  friction  the  more  and  closer  packed  and  the  steeper  the  cone  angle  are  the 
resulting  Hertzian  ring  and  cone  cracks,  causing  the  residual  Hertzian  fractured  brittle  material  left  in 
the  wake  of  the  indenter’s  passing  to  take  the  form  of  steep  sided,  crescent,  partial  cone  shaped 
sleeves  with  flares  of  brittle  material  on  their  flanks. 
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Half-surface  view  and  side  view 
of  contours  of  greatest  principal  stress, 
an,  in  elastic  specimen  in  contact 
(diameter  AA)  with  sliding  sphere  (mo¬ 
tion  left  to  right);  (a)/=  0.1,(b)/=  0.5. 
Unit  of  stress  is  p0.  Dashed  lines  arc  a,s 


(surface  view)  and  as,  (side  view)  stress 
trajectories  drawn  from  place  of  maxi¬ 
mum  tensile  stress  in  specimen.  Plotted 

for  v  =  0.33.  Lawn,  Wllshaw  75 

Lawn  67 

RHGwzmIU  2005 

C  Z  compressive  zone  a>  three  principal  stresses  are  negative 


Figure  28,  Sliding  Impacter  Hertzian  Stress  Fields 


Micrographs  showing  surface  (top)  and  side  (bottom)  views  of  sliding  damage  on  soda-lime  glass  caused  by 
steel  sphere  of  radius  3.17  mm  under  normal  loadP  =  20  Ns  for  <a)/=  0.1.  (b)  /=  0.5.  Cf.  traces  of  deep  cracks  in  side 
views,  index  marker  0.5  mm.  Width  of  field  2000  jjm.  Lawn  93  Lawn  Et  A!  84 


Wear  track  on  quartz  made  by  a  tungsten-carbide  rider. 
Crack  patterns  on  soda-lime  glass  produced  by  sliding  ^OUTlesi  W.F.  Brace.)  Mccimiock Argon  ee 

tungsten  carbide  sphere,  r  -  1.5  mm,  P  —  10N, 


across  surface,  in  w-decanol,/  m  0.12.  Direction  oT  sliding  shown  by  the  arrow. 

Etched  surfaces,  viewed  in  transmitted  light. 


Width  of  field  1.25  mm.  (Courtesy  of  G.  M.  Crimes.)  Lawn.  wiutiawTs 


Figure  29,  Stacked  Hertzian  Crescent  Shaped  Cone  Cracks  And  Flares 
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Theory  Section:  Kinetic  Friction 

When  two  physical  items  are  pressed  or  loaded  against  each  other  they  make  real  physical  contact  at 
junctions  depicted  in  figure  30,  called  asperities,  at  only  a  fraction  of  their  apparent  measurable 
surface. F1'F1  1  This  real  contact  area  is  usually  no  more  than  one  hundredth  at  extreme  loads  and  can 
be  as  small  as  one  millionth  at  light  loads  of  the  apparent  measurable  surface.  These  asperities  are 
usually  measured  by  secondary  inference  techniques  to  be  lengths  of  100  to  1000  10"6  m.  Due  to  the 
nature  of  surfaces,  increasing  the  load  marginally  increases  the  size  of  these  asperities  but  normally 
increases  their  number. 


Experimental  arrangement  for  the  measurement  of  tho  area  of  contact , 

A h  Perspex  model;  B,  Pefflpcx  truncated  prism;  C t  holder;  I)  rubber,  „f  contact  for  model  surfaces  at  different  loads 

urakiim M  Pi)  iti  Kb.  (6)  32  Kg;.  A  re  hard  58 

Figure  30,  Real  Area  Of  Contact 

To  move  the  two  items  tangentially  relative  to  each  other  at  a  constant  rate  requires  a  tangential  load 
be  applied.  The  correlation  between  these  two  loads  is  W  =  pF.  This  resistive  load  is  independent  of 
the  apparent  area  of  contact  and  directly  proportional  to  the  pressing  or  normal  load.  This  physical 
behavior  is  known  as  kinetic  friction.  The  resistive  load  is  known  as  the  friction  force  and  it  is  the  only 
mechanical  property  exhibited  by  materials  that  is  completely  area  independent. 

A  force  versus  time  plotting  of  this  friction  force  reveals  that  two  types  of  kinetic  friction  motion  occur: 
smooth  slip  and  stick  slip.  Figure  31  depicts  these  two  behaviors.  For  all  real  world  normal  loads  and 
relative  movement  rates  (sliding  speeds),  the  stick  slip  behavior  is  most  commonly  displayed.  This 
stick  slip  behavior  arises  from  the  constant  shearing  and  reforming  of  the  asperities.  This  behavior 
requires  the  input  of  energy  and  reveals  itself  as  shown  in  figure  32  as  if  it  were  a  sheet  heat  energy 
source  appearing  at  the  contacting  asperities’  surfaces. 

This  heat  causes  the  temperatures  of  the  immediate  surfaces  of  the  now  sheared  asperities  to  climb. 
The  magnitude  and  the  time  for  these  temperature  rises  are  astonishingly  large  and  brief. 

Figure  33  depicts  examples  of  the  magnitudes  and  times  of  the  temperature  rises  at  the  sheared 
asperities  known  as  “hot  spots”.  It  is  very  typical  to  measure  hot  spot  temperature  rises  on  the  order 
of  100s  to  sometimes  1000+  degrees  C  under  even  low  normal  loads  of  a  few  Kgs  or  less  and  sliding 
speeds  measured  in  the  single  digits  m/sec  or  less.  Also  these  temperature  rises  occur  in  millionths 
of  a  second  with  an  average  time  of  ~30  millionths  of  a  second  and  a  range  of  as  little  as  1  and  as 
large  as  50  millionths  of  a  second.  While  the  magnitude  of  these  temperature  rises  is  significantly 
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influenced  by  numerous  physical  properties  of  the  sliding  materials  the  duration  of  the  rises  is  not. 
For  all  materials  the  typical  rise  time  is  usually  roughly  30  millionths  of  a  second  and  the  literature 
does  not  indicate  that  any  material  physical  property  modifies  or  influences  this  significantly. 


These  temperature  rises  are  completely  localized  at  the  sheared  asperities  surfaces.  Work  by  Jaeger 
42  and  Bowden  Et  AL  has  shown  that  the  temperature  rise  drops  rapidly  down  to  the  bulk  background 
material’s  temperature  at  no  more  than  four  to  five  asperity  sliding  lengths  depth  into  the  material. 
Because  of  this  the  heating  and  temperature  rises  associated  with  kinetic  friction,  or  shearing  of  the 
asperities,  are  exclusively  surface  effects. 


Slone  Young  «o  Variation  of  the  shear  sir  ass  at  the  wire -res  in 

Interface  as  the  wire  is  pulled  through  the  resin  and  the 
pressure  la  varied. 


Sliding 
Speed 
2mm  l  min 


Cross  heod  of 

testing  m  och  in  e  —  *  £iirmtl , w  Bowde n  7fl 


Figure  31 ,  Kinetic  Friction’s  Mechanical  Behavior 


Schematic  of  the  theoretical  model. 


VICKET  AL.91 


Schematic  showing  key  parameters  that  affect 
heat  distribution  in  an  ideal  sliding  contact 
model.  V,  and  V2,  velocities  of  surface  1  and  surface  2, 
respectively,  both  velocities  being  tangential  to  con¬ 
tact  and  normal  to  contact  length;  q,  heat  flux  distribu¬ 
tion;  q,  and  q2,  portion  of  heat  distribution  that  pene¬ 
trates  surface  1  and  surface  2,  respectively;  R ,  and  R2, 
radius  of  curvature  of  surface  1  and  surface  2,  respec¬ 
tively;  L  and  w,  length  and  width,  respectively,  of  heat 
Source  Cowan  Winer  92 


Figure  32,  Kinetic  Friction  Thermal  Transport  Model 
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steej  pin  (diameter,  6  mm)  sliding  at  a 
relative  velocity  of  2  m  s  J  on  a  sapphire 
disc  with  a  load  of  26  N  Quinn  Winer  85 


Temperature  Rise: 


Cathode-ray  trace  of  radiant 
energy  received  from  a  shigli 
hot  spot  developed  between  a 
steel  slider  and  a  rotatingjpp 
glass  disk.  Load  3h()g.^SlH 
Wiiooit  of  .slidintr  700 


Bowden  Tabor  56  67  Bowden  52  Bowden  Thomas  54 


EFFECT  OF  CONDUCTIVITY  AND  HARDNESS  ON  RISE  TIME 


Material 

Thermal 
conductivity 
( cat  cm 
«e  °C  Cm-*) 

Ave.  rise 
time  of 
component 
(psec) 

Phosp  h  or  -bronze 

0,43 

35 

Nickel 

0.215 

30 

Mild  steel 

0,1  I 

33 

Nickel  silver 

0.050 

35 

Nichrome 

0,038 

3* 

Inconel 

0.036 

3° 

Glass 

0.0024 

30 

AH  Sliding  On  Glass 

Heighi*  ay  Taylor  bb 

time-*  (each  division  =  0-001  s)  Bowden  52 


Oscillograph  record  of  temperature  flashes  developed  with  a 
constantan  slider  on  a  steel  surface.  Load  600  g,  speed  3  m/s. 


AVERAGE  RISE  TIMES  OF  HOTSFOTS 

Mild  Steel  Sliding  Rise  time 
On  Glass  (fs  sec) 

Load  Speed :  - — ~ 

fg)  (cm  3°°  I**0 


2 

25 

30 

3o 

IO 

30 

25 

30 

LOO 

30 

35 

35 

200 

35 

3° 

30 

(iriTCiki  IWJ 

llnphuvav  Taylor  66 

Figure  33,  Sheared  Asperity  Temperature  Rises  “Hot  Spot”:  Magnitude  and  Duration 


As  implied  by  the  series  of  hot  spot  temperature  rises  shown  in  figure  33,  the  magnitude  of  these 
rises  for  all  of  the  asperities  formed  and  sheared  during  the  kinetic  friction  sliding  takes  on  the  form  of 
a  distribution  function.  While  actually  measuring  the  individual  temperature  rises  at  each  formed  and 
sheared  asperity  is  in  practicality  extremely  difficult,  one  effort  was  reported.  By  carefully  selecting 
materials  and  detection/measurement  techniques,  Heighway  and  Taylor  66  collected  and  plotted  the 
general  distribution  of  these  rises  as  shown  in  figure  34.  The  distribution  takes  on  the  form  of  a 
parabola  bounded  by  the  average  temperature  rise  (ATMaxAvg)  at  its  apex  and  the  maximum 

(ATMaxMax)  and  minimum  temperature  rises  defining  its  feet. 
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(a)  glass  rubbing  on  glass  and 

(b)  steel  rubbing  on  glass.  Heighway  Taylor  66 

Figure  34,  Hot  Spot  Temperature  Rise  Distributions 

Analytical  models  have  been  developed  by  Bowden,  Thomas,  Ridler,  Archard,  Blok  and  most 
importantly  Jaeger  over  the  past  75  years  to  predict  the  apex  and  feet  conditions  of  the  parabolic 
distribution  of  probabilistic  temperatures  depicted  in  figure  34.  All  of  these  models  begin  with  a  round, 
square,  blade  or  rectangle  asperity  shape  model  and  energy  balance  depicted  in  figure  32  assuming 
that  the  entire  normal  load  is  supported  by  one  sliding  asperity.  While  the  real  world  probability  of  any 
real  surface  kinetically  sliding  on  one  asperity  is  very  small,  the  developed  models  have  provided  an 
insight  into  the  critical  variables  associated  with  the  hot  spot  temperature  rises.  These  models  have 
been  perfected  by  Cowan,  Winer,  Quinn,  Tian,  Kennedy,  Vick,  Furey,  and  Foo  to  take  into  account 
different  asperity  shapes,  such  as  additionally  parabola,  the  impact  of  different  sliding  speed  regimes, 
and  the  effect  of  multiple  sliding  asperity  contacts. 

Basically  the  hot  spot  ATMaxAvg  temperature  rise  equations  developed  by  Bowden  and  Jaeger  in  the 

late  1930s  and  early  1940s  still  apply.  They  predict  the  formulas  shown  in  table  9  for  circular  and 
square  like  asperities  for  the  same  material  sliding  on  itself. 

Predicting  ATMaxMax  is  a  far  more  difficult  and  imprecise  thing.  Effectively  the  works  of  the  latter 

above  group  and  Jaeger  have  shown  it  to  have  the  values  indicated  in  table  9  relative  to  the 
associated  ATMaXAvg  values. 
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Table  9,  ATMaxAvg  and  ATMaxMaxHot  Spot  Temperature  Rise  Predictive  Formulas 
ATMax„  Formula: 

Avg 

For  Slow  Sliding  Speed:  p:  coefficient  of  sliding  friction:  P:  normal  load 

AT MaxAvg  =  0.236  p  P  v  / 1  2  K  v:  sliding  speed;  I:  !4  asperity  sliding  direction  length 

For  Fast  Sliding  Speed:  D:  density;  S:  specific  heat 

AT MaxAvg  =  0.236  p  P  v  /  l(K+0.88K(sqrt(vlDs/K))).  K:  thermal  conductivity 

(Circular  or  Square  Asperities)  Bowden,  Ridler,  And  Jaeger 

AT MaxMax  Formula: 

For  Slow  Sliding  Speed:  ATMaXMax  ~=  1 .1  to  3.0  times  ATMaXAvg  Jaeger 

(Square  and  Blade  Shaped  Asperities) 

ATMaxMax  ~=  21  t0  25  timeS  AT MaxAvg  T'ari’  Kennedy 

(Circular  and  Parabola  Shaped  Asperities) 

AT MaxMax  ~=  1 .5  to  1 .7  times  ATMaxAvg  Vick,  Furey,  and  Foo 
(Square  Shaped  Asperities) 

For  Fast  Sliding  Speed:  ATMaxMax  ~=  1 .3  to  1 .5  times  ATMaXAvg  Jaeger 

(Square  and  Blade  Shaped  Asperities) 

ATMaxMax  ~=  3-°  to  33  times  ATMaxAvg  Tian,  Kennedy 
(Circular  and  Parabola  Shaped  Asperities) 

These  early  analytical  models  confirm  and  explain  some  key  observations  reported  by  the  early 
researchers  in  kinetic  friction.  These  researchers  noted  that  while  kinetic  friction  obviously  caused 
dramatic  hot  spot  temperature  rises  at  the  surface  of  the  sliding  materials,  those  same  material’s  bulk 
temperatures  barely  rose  above  their  starting  ambient  original  temperatures.  The  models  also 
confirmed  the  impressions  of  the  early  researchers  that  the  greatest  hot  spot  temperature  rise  from 
kinetic  friction  occurred  at  the  back  edge  of  the  sliding  asperity  and  that  small  changes  in  the  sliding 
direction  length  of  the  asperity  caused  significant  increases  in  the  hot  spot  temperature  rises. 

Jaeger’s  models  detailed  that  a  one  order  of  magnitude  reduction  in  the  sliding  direction  length  of  the 
asperity  caused  a  two  order  of  magnitude  rise  in  the  hot  spot  temperature  rise  due  to  kinetic  friction. 
Also  the  models  confirmed  the  linear  correlation  in  the  hot  spot  temperature  rises  due  to  kinetic 
friction  with  linear  changes  in  the  normal  load.  They  also  confirmed  the  low  power  (almost  linear  in 
some  conditions)  correlation  in  the  hot  spot  temperature  rises  due  to  kinetic  friction  with  linear 
changes  in  the  sliding  speed.  And  most  importantly  they  also  confirmed  the  inverse  low  power 
(almost  linear  in  some  conditions)  correlation  in  the  hot  spot  temperature  rises  due  to  kinetic  friction 
with  changes  in  the  sliding  material’s  thermal  conductivity  as  shown  in  figure  35:  ie  the  more  thermally 
conductive  the  materials  sliding  the  significantly  lower  the  hot  spot  temperature  rise. 
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Temperature  rise/I /Ki  at  32  gm  wt  and  20  cm/sec. 

Bon  den  Ridler  36 


Figure  35,  Temperature  Rise  Versus  Sliding  Material’s  Thermal  Conductivity 

The  later  models  confirmed  the  hot  spot  temperature  rise  suppressing  effects  which  having  the  same 
load  supported  by  numerous  asperities  having  the  same  area  has.  The  enhanced  models  developed 
by  Vick,  Furey  and  Foo,  Tian  and  Kennedy,  and  Quinn,  Cowan  and  Winer  detailed  that  the  original 
models  predicted  significantly  higher  hot  spot  temperature  rises  than  observations  indicated.  In  fact 
the  enhanced  models  indicated  that  with  multiple  asperities  the  temperature  rises  were  suppressed 
by  a  factor  of  N'1  for  slow  speed  sliding  and  as  much  as  N'0  25  for  fast  speed  sliding.  N  being  the 
number  of  asperities.  These  suppressions  were  also  shown  to  be  relevant  so  long  as  the  broken  up 
multiple  asperities  were  spaced  at  least  five  (predicted  by  Vick  et  al)  and  as  much  as  fifty  sliding 
length  diameters  apart  from  each  other. 

All  of  the  analytical  models  also  imply  a  linear  correlation  between  the  bulk  coefficient  of  kinetic 
friction  (p)  for  the  sliding  materials  and  the  hot  spot  temperature  rise.  What  the  models  did  not  predict 
and  which  the  bulk  of  past  kinetic  friction  studies  have  worked  on  is  determining  the  variation  in  the 
p  of  materials  with  seemingly  every  possible  imaginable  variable. 

The  coefficient  of  friction  has  a  distinct  correlation  to  the  kinetic  friction  sliding  speed  and  the  bulk 
material’s  temperature.  The  correlation,  as  shown  in  figure  36,  is  identical  to  the  second  order 
Williams  Landel  Ferry  (WLF)  time  temperature  superposition  transition  with  the  transition  temperature 
being  defined  as  Ts=Tg  +  50°C.  The  p  of  a  material  tends  to  be  at  a  stable  and  lowest  value  at  low 
bulk  temperatures  and  low  sliding  speeds  and  after  the  transition  returns  to  this  low.  But  when  the 
asperities’  sliding  surface  temperature  rises  to  the  transition  temperature  the  p  can  for  some 
materials  spike  as  much  as  400  percent.  The  implication  of  this  is  that  the  hot  spot  temperature  rise 
will  also  spike  by  the  same  percent  when  the  right  combination  of  sliding  surface  material  temperature 
and  sliding  speed  are  met.  While  little  work  has  been  reported  on  it  seems  that  increased  normal 
load  also  can  have  this  effect. 

An  interesting  side  correlation  of  note  is  the  realization  that  the  only  two  general  types  of  polymeric 
materials,  not  already  heavily  oxidized  by  the  incorporation  of  halogens,  which  pass  the  D2512  G86 
mechanical  impact  ignition  test  do  not  exhibit  a  classic  Tg.  The  polypyromellitimide  known  as  Vespel 
and  the  polypyrlene  known  as  graphite  do  not  exhibit  a  Tg  with  increasing  temperature.  Instead  when 
their  temperatures  are  steadily  ramped  up  they  reach  a  point  at  which  they  simply  begin  degrading. 
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Overall  significant  increases  in  the  normal  load  usually  cause  the  p  of  a  material  to  drop  by 
percentage  points.  But  this  correlation  is  very  material  specific  and  some  efforts  have  reported  the 
opposite.  The  reduced  p  would  cause  the  magnitude  of  the  hot  spot  temperature  rises  to  drop,  but 
the  large,  usually  order  of  magnitude,  increases  in  the  normal  load  associated  with  this  reduced  p 
cause  substantial  increases  in  the  resulting  hot  spot  temperature  rises. 


Variation  of  friction  with  load  for  nylon  6  sliding  on  steel  it 
various  speeds  (from  Wanaiabe  rt  ai  ) 

Lancaster  73 


Friction  of  p.t.f.e.  on  p.t.f.c,  (49%  crystalline)  as  a  function  of  speed.  Speeds  above  1000 
cm/sec  are  from  Bowden  and  Persson^  The  insert  shows  damping  losses  for  a  viscoelastic 
material  as  a  function  of  frequency.  If  the  temperature  is  raised  the  peak  is  shifted  to  a  higher 

frequency.  McLaren  Tabor  65 


Figure  36a,  WLF  Type  Correlation:  Indications 
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i oo  v  cm/sec 

Friction  of  a  glass  hemisphere  sliding^  over  a  clean  surface 
of  acrylonitrile  butadiene  rubber  Ludema  Tabor  66 


Coefficient  of  friction  as  function  of  tho  eliding  velocity  at  various  temperatures 
of  the  acrylonitrile-butadiene  rubber  C*  on  wavy  glass  >  Curves  are  shown  in  two  groups 
for  clarity,  Qt  85  aCi  fl)  r  7G*C;  6.  &5°Cj  O  .  40  *C;  ©.  30  DC*  ©,  20  *C;  Q ,  10  °C; 
0,  5^0-  ©p  0  eCi  Q*  -5*C;  ©,-l0  aC;  -12*5  SC;  ©r  -15  aC. 


Master  curve  of  thu  coefficient  of  friction  of  the  acrylonitrile-butadiene  rubber 
compound  C  on  wavy  glass,  reference  temperature  —  20  aC-  G  rosch  63 

Figure  36b,  WLF  Type  Correlation:  Actuality 
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The  values  of  p  during  the  initial  kinetic  friction  sliding  differ  from  those  when  said  sliding  has 
achieved  a  steady  state.  Figure  37  depicts  these  differences.  The  differences  in  these  values  can 
vary  by  as  much  as  one  hundred  to  two  hundred  percent.  These  differences  would  directly  translate 
into  said  same  changes  in  the  hot  spot  temperature  rises. 
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Work  conducted  by  Fusaro,  Bowden  Et  Al,  Savage  and  Lancaster  have  decisively  shown  that  trace 
quantities  of  low  molecular  weight  gases  and  chemicals  can  have  a  significant  impact  on  the  value  of 
p.  Gases  and  chemicals  like  oxygen,  hydrogen,  and  water  can  suppress  the  p  exhibited  by  the 
sliding  sheared  asperities  by  almost  80  to  90  percent.  These  reduced  p  would  translate  into  lower  hot 
spot  temperature  rises. 

The  addition  of  fillers  or  reinforcing  fibers  also  changes  the  p  exhibited  by  the  matrix  material  in  a 
PMC  in  that  the  overall  material  rapidly  takes  on  the  p  of  the  reinforcement.  As  shown  in  figure  38  the 
reinforcement  of  a  matrix  material  by  a  carbon-graphite  pan  fiber  can  suppress  the  resulting 
material’s  p  by  upwards  of  eighty  percent.  This  is  due  to  the  presence  of  very  low  p  graphite  in  the 
reinforcement.  Other  works  have  indicated  that  for  other  types  of  reinforcements  or  fillers  the  exact 
opposite  can  occur.  When  the  percentage  of  the  reinforcement  or  filler  becomes  the  majority  of  the 
PMC  composition,  works  by  Tripathy  and  Furey,  Shim  Et  Al,  and  Jianjun  Et  Al  have  indicated  that  the 
sliding  asperities  consist  of  the  reinforcement  or  filler  sliding  on  itself.  The  matrix,  because  it  is  almost 
always  softer  than  the  reinforcement,  gets  either  pressed  out  of  the  contacting  reinforcement  or  filler 
sliding  surface  contacting  asperities  or  acts  as  a  very  poor  boundary  lubricant.  Overall  these 
changes  in  the  PMC’s  p  would  cause  a  corresponding  linear  change  in  the  hot  spot  temperature 
rises. 


PPS;  Poly(Phenylene  Sulphide)  T  melt  275-280  C 


CcronkJ  2 fct* 


temperature  vs.  fibre  content 


Harmiin  Et  Al  87 


Figure  38,  Reinforcement  Incorporation  Effects  On  Coefficients  Of  Friction 
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Along  with  the  second  order  WLF  associated  changes  in  p  some  materials  also  exhibit  peculiar  third 
order  transition  changes  in  p  with  temperature,  sliding  speed,  etc.  The  polypyromellitimide  Vespel 
and  carbon  exhibit  odd  third  order  changes  in  p  with  changes  in  temperature  and  asperity  sliding 
speed.  Vespel  goes  through  a  third  order  transition  at  around  60°C  that  causes  its  p  to  increase  by 
almost  2500  percent  and  then  return  to  its  common  p  of  roughly  0.05  at  higher  bulk  material 
temperatures.  Materials  consisting  of  carbon-graphite  go  through  a  similar  third  order  transition  at 
175  to  185°C.  Their  exhibited  p  can  climb  by  as  much  as  500  percent  and  the  increase  is  correlative 
to  the  amount  of  carbon  in  the  carbon-graphite:  the  more  carbon  the  higher  the  p  climb;  all  graphite 
no  increase  in  p.  Unlike  Vespel,  the  p  exhibited  by  carbon-graphite  materials  does  not  return  to  its 
pre  175-185°C  value  at  higher  material  temperatures  but  remains  high.  Because  of  the  extremely 
rapid  nature  of  the  hot  spot  temperature  rise  induced  by  sliding  asperities,  the  temperature  of  sliding 
Vespel  asperities  would  rapidly  transition  this  third  order  transition  and  the  final  apparent  hot  spot 
temperature  rises  would  be  representative  of  its  intrinsic  common  low  p.  For  materials  with  carbon  in 
their  composition,  if  the  asperities’  sliding  surface  temperature  meets  or  exceeds  175  to  185°C,  their 
final  exhibited  hot  spot  temperature  rises  would  dramatically  increase  as  per  the  implied  linear 
correlations  listed  in  table  9:  the  more  carbon  in  their  composition  the  dramatically  higher  the  hot  spot 
temperature  rise. 

Materials  exhibiting  crystalline  anisotropy,  also  exhibit  widely  varying  p‘s  depending  upon  the 
orientation  of  the  sliding  asperities’  surface  to  the  crystalline  axis.  Both  diamond  and  graphite  exhibit 
one  to  three  order  of  magnitude  changes  in  their  p  depending  upon  these  relative  orientations.  (For 
diamond  these  p  changes  go  from  0.05  to  0.25;  for  graphite  these  changes  go  from  0.005  to  0.02  for 
sliding  with/along  the  basal  plane  to  0.3  for  sliding  perpendicular  to  the  basal  plane.)  Such  p 
differences  would,  as  per  table  9,  translate  into  significantly  large  differences  in  the  hot  spot 
temperature  rises  exhibited  by  the  same  material,  being  solely  dependent  upon  the  orientation  the 
sliding  asperity  surface  had  relative  to  a  crystalline  axis. 

Different  types  and  classes  of  polymeric  materials  exhibit  different  p.  A  brief  comparison  and  relative 
ranking  of  various  polymers’  ps  indicates  that  those  with  amide  groups  and  or  large  bulky  side  groups 
exhibit  the  highest,  epoxies  exhibit  ps  that  are  roughly  equivalent,  BMIs,  carbon  and  phenolics  exhibit 
p‘s  lower  then  the  previous  groups,  and  graphite,  Vespel  like  polyimides,  highly  linear  “smooth 
molecular  shaped”  and  halogenated  polymers  exhibit  the  lowest  p.  As  these  different  ps  range  from 
lows  of  0.005  to  highs  of  1 .2,  the  hot  spot  temperature  rises  that  different  polymers  would  exhibit 
experiencing  the  same  kinetic  friction  sliding  conditions  would  vary  by  the  same  linear  ratios.  This 
can  and  does  mean  hot  spot  temperature  rise  differences  of  100s  and  occasionally  as  much  as 
1000°C  occur  just  with  the  selection  of  a  different  polymer. 

The  kinetic  friction  sliding  of  polymeric  materials,  at  real  world  sliding  speeds  and  normal  loads, 
leaves  distinctive  physical  traces  of  its  having  occurred.  Figure  39  depicts  three  of  the  most  common 
of  these  traces.  The  single  pass  sliding  of  a  material  leaves  a  trail  of  melted  and  refrozen  “puddles” 
of  material  in  its  wake.  The  long  duration,  one  direction,  sliding  of  a  material  produces  a  tail  of 
“feathered”  material  extruded  from  the  rear  of  the  sliding  surface.  All  leave  a  sporadic  trail  of  tendril 
like,  melted  and  drawn  out,  filaments  thrown  out  and  along  side  the  sliding  track.  The  appearance  of 
these  physical  traces  is  proof  that  the  hot  spot  temperature  rises  occurring  at  the  sliding  asperities’ 
surfaces  exceeded  the  melting  point  of  one  or  both  of  the  materials  involved  in  the  kinetic  friction. 
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Optical  micrograph  of  a  flat  surface  of  polyvinylchloride 
after  a  hemispherical  slider  of  the  same  material  has  slid  over  it 
once  at  a  very  slow  sliding  speed  and  under  a  load  of  a  few  kg* 
The  strongly  attached  fragments  of  slider  material  are  clearly 
rev  eale  d  *  (  m  i  i  itm  x  i  ;t. )  Pascoe  Tabor  56  Hearle  Tabor  59 


Appearance  of  a  worn  sample  of  pmma  where 
appreciable  surface  melting  has  occurred.  The  pin  is  about 
1  Omm  in  diameter  and  has  been  sliding  at  high  speeds  on 
‘smooth’  steel  from  left  to  right.  The  characteristic  tail 
of  extruded  material  is  evident  at  the  rear  of  the  contact  Briscoe  81 


Polishing  groove  on  glass  produced  by  translating  diamond  too!  at 
10  m  s_1.  Direction  of  sliding  from  bottom  to  top.  Note  extrusion  layer 
inside  groove  and  molten  ‘stringers’  outside.  Width  of  field  75  pm. 


(After  Schinker,  M.  G.  &  Doll,  W.  (1985),  in  Strength  of  Glass ,  ed. 

C.  R.  Kurkjian,  Plenum,  New  York,  p.  67.)  Lawn  93 

Figure  39,  Distinctive  Physical  Traces  Of  Kinetic  Friction 
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Experimental:  Material  Selection 

The  core  objective  of  this  effort  was  to  determine  if  the  D251 2  LOX  compatibility  of  composites 
could  be  improved  by  using  thermally  conductive  reinforcement  fibers  instead  of  the  standard 
conventional  carbon  fibers  used  to  date.  To  accomplish  this  four  materials  were  needed  to  be 
acquired:  a  matrix  resin,  a  baseline  carbon-graphite  fiber,  and  two  thermally  conductive  fibers  to 
provide  the  experimental  variables. 

This  effort’s  matrix  resin  needed  to  come  from  a  general  class  which  usually  exhibit  good  D2512 
LOX  compatibility.  A  through  reading  of  the  LOX  literature  by  the  author  and  Principal  Investigator 
(A&PI)  narrowed  the  selection  of  the  matrix  resin  class  to  imides.  Since  ability  by  the  LOX  using 
industry  to  fabricate  the  resulting  composite  via  conventional  techniques  like  filament  winding 
needed  to  be  considered,  the  selected  resin  also  needed  to  exhibit  processing  characteristics 
which  lended  themselves  to  easy  incorporation  into  existing  fabrication  facilities  and  processes. 
This  qualification  further  narrowed  the  class  of  resins  down  from  imides  to  bismaleimides  (BMIs), 
which  are  routinely  used  by  industry  to  fabricate  composites.  Also  as  indicated  in  table  2g  and 
numerous  other  published  efforts  to  find  a  D2512  LOX  compatible  composite,  resin  systems  that 
exhibited  greater  toughness  tended  to  come  closer  to  passing  D2512  then  those  that  didn’t.  This 
finding  further  narrowed  the  class  of  resins  from  BMI’s  to  toughened  BMIs.  Circa  2001-2,  the 
starting  time  frame  for  this  effort,  the  number  of  commercially  available  toughened  BMIs  was 
limited,  but  one  made  by  Cytec  “Rigidite  5250-4  RTM”  was  available  in  neat  resin  form.61"617  This 
was  the  resin  system  selected  for  use  as  the  matrix  in  this  effort.  Table  10  delineates  the 
specifics  of  the  actual  lot  of  resin  procured  from  Cytec  and  used  in  this  effort. 


Table  10,  Procured  5250-4  RTM  Matrix  Resin  Specifications 


Cytec  Engineered  Materials  Inc. 
1440  N  KraemerBh/d 
Anaheim,  CA  92806 
Telephone  (714)630-9400 
FAX  (714)666-4345 


Date:  September  25,  2002 


CERTIFICATION 

Wc  certify  that  this  Cytec  Engineered  Materials  product  ordered  on  the  indicated  purchase  order  has  been  tested  in  accordance 
with  the  applicable  specification  procedures  and  found  to  possess  the  following  properties,  therefore  meeting  the  requirements 
of  your  requested  specification. 


Cytec  Eng  Matl  Part  No.: 
Product  Name: 

Lot  Name: 
Specification: 


407816 

RIGIDITE  5250-4-RTM  RESIN,  AGGREGATE  (1G) 

7688300 

CSP  (407816) 


Date  Shipped: 

QTY  Shipped: 
Customer  PO: 

Sales  Order  No.: 
Packing  Slip  No.: 

Date  of  Manufacture: 
Shelf  Life: 


9/25/2002 

20  LB 

R020I97I 

0010272-001 

0010272-001 

9/19/2002 

6  MONTHS  FROM  DATE  OF  SHIPMENT  WHEN  STORED  AT  I0°F  OR  BELOW. 


Notes: 

Result 

Units 

Minimum 

Maximum  Result  Type 

Sublot:  1  ST  DRAWOFF 

Segment:  BUCKET 

VOLATILES  /  1  350°F  Test  Temperature 

VOL-AVG  /  1 

0.1 

% 

0.0 

1.0 

Sublot:  LAST  DRAWOFF 

Segment:  BUCKET 

VOLATILES/ 1  350°F Test  Temperature 

VOL-AVG  /  1 

0.1 

% 

0.0 

1.0 

Sublot:  0|** 

Segment:  BUCKET 
VISCOSITY  /  I  50°C  TEST  TEMP. 

Mir  Viscosity  /  I  35  cP  0  300 

Gel  Time/ I  72  min  55  95 


Re  po  rt  Nu  m  be  r:  O  R  DE  R-G0005  6885 

A  v 

^  Quality  Representative 

fc  l  [NrfJV^L.  fl?™* 
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All  fibers  procured  for  this  effort  were  procured  in  the  6K  tow  quantity,  as  this  is  the  lower 
boundary  for  the  commercially  economical  fabrication  of  composites. 

A  baseline  reinforcement  fiber  needed  to  be  selected  and  used  to  make  a  baseline  composite  so 
that  a  possible  connection  to  previous  composite  LOX  compatibility  efforts  could  be  established. 
As  indicated  in  table  2g  and  numerous  other  published  efforts  to  find  a  D2512  LOX  compatible 
composite,  the  reporting  of  the  exact  type  of  fiber  used  was  almost  always  missing.  But  a  rare 
few  of  the  published  efforts  did  report  using  the  T650-42  class  of  carbon  graphite  fiber  and 
indicated  that  it  did  impart  some  degree  of  D2512  LOX  compatibility  to  a  composite. 
Unfortunately  by  the  time  this  effort  got  underway  the  T650-42  fiber  made  by  Amoco  (and 
subsequently  Cytec)  was  no  longer  in  production  but  a  sister  fiber  T650-35  was  available.  This 
fiber  was  only  available  with  the  UC309  epoxy-urethane  finish  on  it.  Epoxies  and  most 
particularly  urethanes  exhibit  poor  D2512  LOX  compatibility  and  would  certainly  via  the  kindling 
chain  effect  skew  the  D2512  compatibility  of  any  composite  made  with  it  as  a  finish.  All  attempts 
by  the  author  to  procure  the  T650-35  fiber  from  Cytec  without  the  UC309  finish  were  ignored. 
Also  due  to  the  small  (roughly  $85K)  budget  and  limited  time  available  to  the  A&PI  to  complete 
this  effort  it  was  impossible  to  strip  the  finish  off  in  house.  So  the  baseline  fiber  selected  for  this 
effort  was  the  Cytec  T650-35  with  the  UC309  finish.  Table  1 1  delineates  some  of  T650-35’s 
properties  of  relevance  to  this  effort  and  Table  12  delineates  the  specifics  of  the  T650-35-UC309 
lot  procured  from  Cytec  for  this  effort. 

Table  11,  T650-35  Properties 

THORNEl!  Pan  Based 


Fiber  Charactersitcs,  Units 

Fiber  Type 

T-650/35 

T-650/42 

Tensile  Strength*2*,  ksi  (GPa) 

660  (4.55) 

730  (5.03) 

Tensile  Modulus,  Msi  (Gpa) 

35  (241) 

42  (290) 

Density,  lbs/in3  (g/cc) 

0.064(1.77) 

0.064(1.78) 

Elongation  at  Break*3*  % 

1.75 

1.7 

Filament  Diameter,  fi 

6.8 

5.1 

Carbon  Assay,  % 

94 

94 

Surface  Area,  m2/g 

0.5 

0.5 

Electrical  Resistivity14*,  \i  ohm-m 

14.9 

14.2 

Thermal  Conductivity*4*,  BTU/hr  ft  °F  (W/m  K) 

8(14) 

9(15) 

CTE  at  70  °F  (21  °C)<4)  (ppm/°F)  (ppm/°C) 

-0.3  (-0.5) 

-0.3  (-0.5) 

Strand  Construction  and  Properties 

Available  Forms*5* 

3k,  6k,  12k 

6k,  12k 

Yield,  yd/lb 

2534,  1271,  650 

2219,  1127 

Linear  Density,  g/m 

0.196,  0.391,0.763 

0.224,  0.440 

Twist,  tpi 

0<6>,  0<«  o 

0'6I,  0«» 

Fiber  Area  in  Yarn  Cross  Section,  in2  x  1 0  5 

17.2,  34.1,  66.9 

19.5,  38.2 
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Table  12,  Procured  T650-35-US309  Fiber  Lot  Properties  And  Specifications 
05/14/02  Thornel®  Carbon  Fiber  Certification  Page  1  of  1 


CYTEC  Carbon  Fibers, 

CYTEC  Ref.  Number:  603000863  Post  Office  Box  849 

Greenville,  SC 

Customer  Order  No.:R0201  037  29602-0349 

Product:  T-650/35  6K  309  NT 

Based  on  random  lot  samplings,  listed  are  the  average  physical  properties  of  the  lots  included  in  this 
shipment. 


Trace  Number 

B6Y0411 

Yield 

Fiber 

Density 

Tensile 

Strength 

a 

Sacma  |  Young's 

Modulus 

£ 

Elong'’ 

Sizing 

G/M 

G/CC 

O 

(psi  x  1 0  ) 

I  (psi  x  10  ) 

% 

WT.  % 

AVG 

.3944 

1.773 

623 

34.5  37.1 

1.7 

1.02 

SD 

0.0046 

0.0055 

30.84 

0.3197  0.3465 

0.0795 

0.2130 

cv% 

1.17 

0.31 

4.95 

0.93  0.93 

4.74 

20.79 

N  = 

65 

65 

65 

65  65 

65 

65 

MIN 

0.3817 

1.760 

553 

33.6  36.2 

1.5 

0.75 

MAX 

0.4019 

1.789 

668 

35.3  38.2 

1.8 

1.74 

[Mfg  on 

GP2 

Production  Line] 

[Lbs  Shipped  =8.44 

] 

[Mfg,  Date  APR  2002 

]  [Release  Date 

20020423  ] 

The  material  shipped  on  this  order  is  in  compliance  with  Cytec  Carbon  Fibers'  PAN  product  specification 
requirements. 

”  Elongation  is  a  calculated  value  based  on  T.  S./Young's  Mod.  x  100. 

This  certification  has  been  reviewed  and  approved  by  Linda  Fuller 

in  the  Quality  Assurance  Department  For  questions  or  assistance,  please  call  (864)  299-9363. 

Item:  60658479 

Description:  T650/35  6K  309  NT  P2 

Specifications : 

Cytec  Carbon  Fibers'  Pan  product  specification  requirements 


Lot/Sublot  No 


Delivery  Qty  UOM 


1  B6Y0411-0139 

8.4400 

Lot:  B6Y0411 

Total : 

8.4400 

Sublot  Count:  1 

Total  (Lots) :  1 

8.4400 

81 


A  reasonably  through  reading  of  the  literature  on  fiber  properties  and  the  interface  indicated  that 
almost  all  of  the  commercially  available  fibers  used  by  the  composites  industry  have  substantial 
quantities,  routinely  measurable  in  the  100s  to  1000s  PPM,  of  metal  oxides  and  salts  on  their 
surfaces  as  a  residual  of  their  fabrication. FP1'FP40andFI1'FI  50  As  was  discussed  in  the  Ignition 
section  of  the  Theory  Section,  metal  salts  and  oxides  act  as  oxidation  catalysts  and  so  any  fiber 
selected  as  an  experimental  variable  for  this  effort  needed  to  be  very  clean:  exhibit  a  very  low 
concentration  of  metals  on  its  surface.  Also,  so  as  not  to  have  the  finish  skew  the  resulting 
D2512  LOX  compatibility  of  the  resulting  composites  made  from  these  experimental  variable 
fibers,  they  need  to  be  acquirable  without  finishes.  Unfortunately  almost  all  fibers  that  exhibit 
thermal  conductivity  are  highly  graphitic  and  graphitic  fibers  usually  exhibit  very  poor  interface 
and  transverse  mechanical  properties  when  made  into  composites.  Finsihes  usually  overcome 
this  deficit  in  graphite  fiber  reinforced  composites  but  they  and  the  associated  additional  variable 
effects  they  would  have  on  the  D2512  LOX  compatibility  of  any  composite  made  with  them 
needed  to  be  eliminated  from  this  effort.  To  assure  that  the  composites  made  from  these 
experimental  variable  fibers  exhibited  reasonable  to  at  least  minimally  acceptable  interface  and 
transverse  properties  a  surface  treatment  of  the  thermally  conductive  experimental  fibers  would 
have  to  suffice.  Based  upon  the  knowledge  that  highly  preoxidized  (i.e.  preburned)  organic 
materials  exhibit  good  D2512  LOX  compatibility  and  that  small  durations  of  oxygen  plasma 
exposure  to  the  surface  of  a  freshly  fabricated  fiber  significantly  improved  its  interfacial  and 
transverse  composite  properties,  all  of  the  experimental  fibers  were  purchased  after  having  a  five 
minute  oxygen  plasma  treatment  by  the  fabricator. 

Almost  all  highly  graphitic  thermally  conductive  fibers  are  very  inflexible.  Most  have  bend  to 
failure  (BTF)  radii  measured  in  inches.  They  can  usually  be  barely  wrapped  around  a  soda  can 
without  breaking.  In  order  for  the  acquired  thermally  conductive  experimental  fibers  to  be  of 
future  practical  commercial  fabrication  use,  and  since  all  of  the  fibers  would  need  to  be  sent  off 
for  prepregging  which  would  entail  extensive  bending  (all  would  also  need  to  survive  extensive 
handling  through  out  their  conversion  from  prepreg  to  finished  D2512  composite)  experimental 
fibers  that  were  pliable  exhibiting  tight  BTF  radii  of  less  than  one  inch  needed  to  be  acquired. 

A  through  reading  of  the  available  commercial  fiber  literature  and  extensive  discussions  during 
2001  with  various  fiber  manufacturing  representatives  narrowed  the  possible  experimental  fiber 
providers  down  to  Nippon  Graphite  Fiber  Corps’  Granoc  fibers.  Of  the  GRANOC  fibers  available 
two  were  selected  for  use  in  this  effort  as  the  experimental  fibers.  Those  two  were  YSH50A  and 
YSH60A.  As  can  be  seen  in  figure  40  they  both  exhibit  BTF  radii  that  are  tight  enough  to  meet 
the  requirements  listed  in  the  previous  paragraph  E  mail  correspondence  with  GRANOC 
personal  during  2001  and  a  review  of  the  GRANOC  fiber  literature  indicated  that  the  YSH  fibers 
had  the  necessary  low  amounts  of  metals  on  their  surfaces  (as  detailed  in  the  e  mail  reproduced 
in  figure  41)  and  exhibited  low  but  sufficient  interface  and  transverse  properties  when 
incorporated  into  a  composite.  Also  as  seen  in  table  13  the  two  selected  experimental  fibers  also 
exhibited  thermal  conductivities  which  when  made  into  60  plus  percent  fiber  volume  (Vf) 
composites  would  exhibit  the  figure  10  targeted  axial  thermal  conductivities  suspected  to  be 
needed  in  order  to  improve  a  composite’s  D2512  LOX  compatibility.  Nippon  Graphite  Fiber 
Corps  was  also  cooperative  in  that  they  were  willing  to  provide  the  fibers  without  any  surface 
finish  and  also  treat  their  surfaces  with  a  five  minute  oxygen  plasma  exposure  before  shipping 
them.  The  actual  properties  of  the  lots  of  the  6K  tow  YSH50  and  YSH60  experimental  fibers 
delivered  by  Nippon  Graphite  Fiber  Corps  and  used  in  this  effort  are  detailed  in  tables  14  and  15. 
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T650-35  6K  UC309 


RHGerzeski  9/04 


Fiber  And  Finish 


YSH50A  6K  Fiber 


FEB  17  2004 

RHGerzeski  9/04 


YSH60A  6K  Fiber 


Figure  40,  Selected  Carbon-Graphite  Fibers 
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Gerzeski  Roger  H  Civ  AFRL/MLBCO 


From:  Takayuki  Matsumoto 

Sent:  Tuesday,  May  15,  2001  9:24  PM 

To:  roger.gerzeski 

Cc:  Gen  Ishikawa  (E-mail);  TGWongConsulting  (E-mail);  Tetsuji  Watanabe 
(E-mail);  NGF?????  (E-mail) 

Subject:  Metal  content  of  GRANOC  carbon  fiber 

Dear  Mr.  Gerzeski, 

Thank  you  for  visiting  our  booth  at  the  SAMPE  show  last  week. 

We  are  back  in  Japan  and  ready  to  answer  your  questions. 

1 .  Metal  content 

According  to  the  EDX  test  results,  GRANOC  fiber  is  considered 
to  have  the  following  amount  of  metal  (not  ion  form  but  mainly 
oxide  form). 

Mg  0.5  ppm 
Al  2.8  ppm 
K  0.2  ppm 
Ca  0.6  ppm 
Na  0  ppm 

Please  note  that  the  above  values  are  approximate  ones. 

2.  Compatibility  with  imides 

Unfortunately  we  have  no  actual  data  of  bonding  strength 
between  our  fiber  and  polyimides  or  bismaleimides.  But 
according  to  our  laboratory  people,  it  would  be  just  a  little 
lower  than  that  with  epoxy  resin.  What  is  more  important 
would  be  the  thermal  stress  after  curing  since  the  process 
temperature  is  way  higher  than  epoxy  system. 

I  hope  the  above  information  is  of  some  help  to  you. 

We  are  happy  to  provide  some  free  sample  if  you  want. 

Your  comments  or  further  questions  would  be  very  much 
appreciated-  Thank  you  again. 

Best  regards, 

Takayuki  Matsumoto 

Takayuki  Matsumoto 
Manager,  Sales  Division 
Nippon  Graphite  Fiber  Corp. 

Nisseki  Mitsubishi  Building 
1-3-12,  Nishi-shimbashi,  Minato-ku, 

Tokyo,  105-8412,  Japan 
Tel:03-3502-9251  Fax:03-3502-9253 

Figure  41 ,  YSH50A  and  YSH60A  Fiber  Surface  Metal  Properties 
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Table  13,  YSH50A  and  YSH60A  General  Fiber  Properties 

Granoc  YSH-ASeries  PITCHBASEDCARBONFIBER 


YSH-50A 

YSH-60A 

TensileStrength 

ksi 

560 

560 

kgf/mm2 

390 

390 

MPa 

3830 

3830 

TensileModulus 

msi 

75 

92 

103kgf/mm2 

53 

64.5 

GPa 

520 

630 

UltimateElongation 

% 

0.7 

0.6 

Density 

g/cm3 

2.10 

2.12 

FilamentDiameter 

Jim 

7 

7 

FilamentsperY  am 

1000/3000/6000 

1000/3000/6000 

Yield 

g/km 

75/250/520 

75/250/520 

CTE 

10'6/K 

-1.4 

-1.4 

ThermalConductivity 

W/m-K 

140 

200 

Electrical  Resistivity 

10'4  flcm 

7 

6 
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Table  14,  YSH50A  Procured  Fiber  Lot  Properties 


Nippon  Graphite  Fiber 


Nippon  Graphite  Fiber 

Corporat  ion 


3-12,  NISHI-SHINBASHI  1-CHOME,  MINATO-KU,  TOKYO  1  0  5-84  1  2,  JAPAN 

PHONE  :  81-3-3502-9251 
FAX  :  81-3-3502-9253 


No.  S  1  4  0  0  8  3-0  0  1 
March  08  ,  2002 


GRANOC  YARN  CERTIFICATION 


<  L  O  T  AVERAGE  TEST  D  A  T  A  > 


Fiber  Type 

YSH-50A-60Z 

Lot  No. 

130901382302 

Tensile  Strength 

562  ksi 

3870  MPa 

395  kgf/mm2 

Tensile  Modulus 

74.5  msi 

514  GPa 

52.4  tf/mm2 

Density 

2.10  g/cm3 

Mass  Per  Unit  Length 

521  g/km 

Size  Content 

0 . 0  mass  % 

Surface  Treatment 

Yes 

YuTaka  Arai 

GENERAL  MANAGER 
QUALITY  ASSURANCE  DIV. 
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Table  15,  YSH60A  Procured  Fiber  Lot  Properties 


Nippon  Graphite  Fiber 


Nippon  Graphite  Fiber 

Corporat  ion 


3-12, NISHI— SBINBASHI  1-CHOME,  Ml NATO-KO,  TOKYO  1  3  5-84  1  2,  JAPAN 

PHONE  :  81-3-3532-9251 
FAX  :  81-3-3532-9253 

No.  $140228-031 
July  35  ,  2002 

GRANOC  YARN  CERTIFICATION 


<  L  0  T  AVERAGE  TEST  D  A  T  A  > 


Fiber  Type 

YSH-60A-60Z 

Lot  No. 

1 31 7B 14701 02 

Tensile  Strength 

528  ksi 

3640  MPa 

371  kgf/im2 

Tensile  Modulus 

90.6  msi 

625  GPa 

63.7  tf/mm2 

Density 

2.12  g/cm3 

Mass  Per  Unit  Length 

509  g/km 

Size  Content 

0.0  mass  % 

Surface  Treatment 

Yes 

PO  kTo.  R ozo  1402 


GENERAL  MANAGER 
QUALITY  ASSURANCE  DIV. 
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Experimental:  Lab  Room,  Equipment  And  Material  Handling  Cleaning  Procedures 

Through  out  the  entire  experimental  portion  of  this  effort  numerous  situations,  circumstances  and 
events  presented  themselves  which  might  lead  to  the  materials  used,  their  interim  fabricated 
forms,  the  equipment  used  to  work  on  or  process  them  and  the  generated  D2512  specimens 
becoming  contaminated  by  dust,  fingerprints,  solvents,  etc.  If  not  eliminated  or  stringently 
mitigated  these  contaminates  would  as  described  in  the  Theory  Section:  Ignition  Event  skew  the 
final  generated  D2512  specimen’s  LOX  compatibility  results  towards  lower  compatibility.  To 
eliminate  and  or  mitigate  these  contaminates  certain  steps  and  efforts  were  always  taken.  Fresh, 
clean  and  new  (FC&N)  Safeskin  Purple  Nitrile  (SPN)  gloves  were  always  worn  during  any  step  in 
this  research  effort.  Thousands  of  pairs  of  FC&N  SPN  gloves  were  used  by  the  author 
throughout  this  entire  effort  to  prevent  contamination.  Also  whenever  possible,  any  step  in  the 
this  effort  was  done  in  the  lab  room  shown  in  figure  42  which  was  cleaned  again  before  that  step 
was  to  be  accomplished  by  being  wiped  down  with  FC&N  cheese  cloth  wipes  soaked  in  isopropyl 
alcohol  (IPA)  and  mopped.  And  finally  any  piece  of  equipment  or  tool  that  came  into  contact  with 
the  materials  used,  their  interim  forms  or  the  generated  D2512  specimens  was  wiped  down  with 
FC&N  cheese  cloth  wipes  soaked  in  IPA,  triple  distilled  water  (TDW)  or  whatever  was  a  relevant 
or  only  available  means  of  cleaning  it.  Other  cleaning  techniques  were  used  throughout  this  effort 
and  they  will  be  discussed  when  they  were  used.  These  contamination  control  efforts  will  be 
indicated  to  have  been  taken  throughout  the  remainder  of  this  report  by  the  moniker:  Meticulous 
Cleaning  Procedures 

Prior  to  the  build  up  of  the  lab  room  shown  in  figure  42  the  entire  room,  from  ceiling  to  floor,  was 
blown  down  with  high  pressure  dry  filtered  nitrogen  (DFN2)  gas.  This  blew  away  years  of 
accumulated  dust  which  might  have  migrated  into  the  D2512  specimens  via  the  tools,  general 
contact,  or  retaking  to  the  air  and  skew  the  specimen’s  D2512  LOX  compatibility  results 
erroneously  lower.  Abrasives  skew  the  D2512  LOX  compatibility  of  any  material  that  they  are  in 
contact  with  towards  more  reactions:  ie  lower  D2512  LOX  compatibility.  Dust  is  an  abrasive  and 
would  skew  the  D2512  LOX  compatibility  results  of  any  of  the  D2512  specimens  generated  in  this 
effort  towards  more  reactions  if  it  was  not  kept  off  of  them.  The  lab  room  was  also  washed  and 
scrubbed  twice  with  soap  and  water  and  numerous  water  rinses  before  the  build  up.  Also 
throughout  the  entire  experimental  effort,  dust  traps  consisting  of  open  trays  of  soapy  water  as 
shown  in  figure  42  were  put  out  throughout  the  lab  to  humidify  the  air  and  catch  dust  from  the  air. 
These  needed  to  be  cleaned  once  every  month  and  put  roughly  one  to  two  gallons  of  TDW  into 
the  lab  room’s  air  every  day.  This  caused  the  lab  room’s  relative  humidity  to  be  somewhat 
uniform  throughout  the  entire  effort. 

SPN  gloves  were  selected  as  the  barrier  glove  material  of  choice  to  prevent  or  minimize  the 
contamination  of  the  materials  used,  their  interim  fabricated  forms,  the  equipment  used  to  work 
on  or  process  them  and  the  generated  D2512  specimens  by  the  oils  and  metal  salts  left  behind 
by  fingerprints.  They  are  made  out  of  nitrile  rubber  which  exhibits  modestly  good  D2512  LOX 
compatibility  as  seen  in  table  2.  SAFESKIN  Corporation’s  literature  indicates  that  they  are  both 
“LATEX  FREE”  and  clean  enough  to  be  used  as  medical  examination  gloves,  implying  that  they 
contain  minute  quantities  of  low  molecular  weight  organics.  These  organics,  if  accreted  onto  a 
D21512  specimen,  would  as  described  in  the  Theory  Section:  Ignition  Event  skew  any 
subsequent  D2512  test  results  towards  more  reactions.  They  are  also  powder  free.  Powder 
being  an  abrasive,  this  indicates  that  they  are  free  of  a  key  class  of  contaminating  material 
(Abrasives)  which  as  stated  previously  skew  the  D5212  LOX  compatibility  results  of  any  material 
towards  more  reactions.  Also,  while  being  moderately  expensive,  they  were  affordable  in  the 
thousands  of  pairs  quantities  that  the  A&PI  realized  would  be  needed  to  accomplish  this  effort. 
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Legend: 

aT  Triple  Distilled  Water  Generation  And  Storage  e,  40  Micron  Nitrogen  Gas  Filters 


b,  Vacuum  Oven 
ct  Ultrasonic  Cleaners 
d1  Nitrogen  Purged  Glove  Box 


f ,  Open  Ivory  Soap  And  Water  Humidifiers  And  Dust  Catchers 
gr  Clean  Prepreg  Cutting  Table 
hP  Room  Cleaning  Equipment 
i,  Prepreg  Storage  Deep  Freeze 


Figure  42,  Lab  Room 
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Experimental:  Prepregging 

As  composites  using  the  selected  fibers  (baseline  and  most  particularly  experimental)  and  5250-4 
RTM  matrix  had  never  been  made  before  or  even  attempted  to  be  prepregged  before,  all  needed 
to  be  prepregged  for  the  first  time.  The  selected  matrix  resin  and  all  three  fibers  were  sent  to 
Michigan  State  Universities’  Advanced  Materials  Engineering  Experiment  Station  during  the 
summer  and  fall  of  2002  to  be  prepregged  by  Mr.  Bob  Jurek  senior  technician.  The  desired 
prepreg  specifications  sought  were  prepreg  areal  weight  (PAW)  of  145  +/-  5  gms/cm2,  resin 
content  (RC)  of  35  weight  percent,  and  5  mil  thickness.  To  avoid  the  potential  of  contaminating 
the  prepregs  with  metal  salts  from  finger  prints  or  low  molecular  weight  organics,  which  as 
described  in  the  Theory  Section:  Ignition  Event  would  skew  any  subsequent  D2512  test  results, 
Mr.  Jurek  was  instructed  to  take  meticulous  care  to  clean  and  keep  clean  the  prepregging  area 
during  prepregging  with  cheesecloth  wipes  and  ACS  grade  clean  acetone  and  always  wear  clean 
SPN  gloves  during  all  handling  of  the  resin,  fiber  and  prepreg.  The  wipes  and  gloves  were 
provided  by  the  A&PI.  Prepregging  was  done  by  drum  winding  and  kinetic  friction  was  used  to 
impregnate  the  resin  into  the  fiber.  Figure  43  delineates  the  size  of  the  drum  wound  tapes 
generated.  These  tapes  were  further  cut  up  into  smaller  strips/sheets  also  detailed  in  figure  43 
for  flat  storage  and  shipment  in  dry  nitrogen  purged  FC&N  polyethylene  (PE)  bags.  The 
fabricator  also  made  one  data  point  measurement  of  the  prepreg’s  properties  from  the  surplus. 
Table  16  details  these  fabricator  measurements,  the  prepregging  temperature  of  the  resin  and  the 
date  of  the  prepregging  of  the  three  fibers. 


72'  Drum  Wound  Strip  Of  Prepreg 


15' 

Cut 

Strip 

9' 

Cut 

Strip 

12' 

Cut 

Strip 

6' 

Cut 

Strip 

13.75' 

Cut 

Strip 

15* 

Cut 

Strip 

15'+/ -0.125* 

g, +  0.125* 

*  -0.000' 

12-+M25'  , 
1C  -0.000' 

i'-Siwj'  i3-75'  +  /-°-125' 

15*  +  /-0125* 

12 


.+0.185* 

-0.000' 


Surplus  Prepreg  Tailing  After  Cut  Strips  Removed  — mJ 
Cl. 25'  Average  1,625'  Maximum  0.500'  Minimum) 


72  Inch  Drum  Wound  Strip  Of  Prepreg  Cut  Pattern 
Engineer;  Roger  Gerzesk; 

Date;  9/6;  Rev  A;  5/8/2002 


Figure  43,  72  inch  x  12  Inch  Drum  Wound  Prepreg  Tape  Cutting 

As  table  16  details,  the  resulting  prepregs  made  exhibited  significantly  varying  PAW  and  for  the 
experimental  fibers  were  very  resin  rich.  Also  subsequent  attempts  to  further  handle  many  of  the 
generated  tapes  showed  that  they  sometimes  broke  up  when  handled. 
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Table  16-a,  T650-35  Prepreg  Properties:  As  Delivered  (Fabricator  Measured): 


Tape 

Fiber 

Areal 

Weight 

Resin 

Content 

V, 

Impregnation 

Temperature 

Fabrication 

Date 

(Number) 

(gms/sqm) 

(%Weight) 

(%) 

(°F) 

1 

NA 

43 

NA 

194 

07/02 

2 

NA 

43 

NA 

194 

07/02  . 

3 

146.4 

41.4 

49.9 

194 

07/02 

4 

144.9 

37.8 

53.7 

190 

07/02 

5 

144.9 

35.9 

55.7 

190 

07/02 

6 

144.6 

37.8 

53.7 

190 

07/02 

7 

144.6 

36.2 

55.4 

190 

07/02 

8 

137.1 

31.6 

60.4 

194 

07/02 

9 

137.1 

31.9 

60.1 

194 

07/02 

10 

137.1 

32.2 

59.8 

194 

07/02 

11 

152.1 

32.8 

59.1 

194 

07/02 

12 

152.1 

32.5 

59.4 

194 

07/02 

13 

152.1 

33.0 

58.9 

194 

07/02 

14 

152.1 

33.6 

58.2 

194 

07/02 

15 

130.0 

32.4 

59.5 

194 

07/02 

16 

130.0 

31.6 

60.4 

194 

07/02 

17 

130.0 

30.9 

61.2 

194 

07/02 

18 

158.1 

34.3 

57.5 

194 

07/02 

19 

158.1 

34.2 

57.6 

194 

07/02 

20 

158.1 

37.5 

54.0 

194 

07/02 

21 

140.2 

33.8 

58.0 

194 

07/02 

22 

140.2 

34.3 

57.5 

194 

07/02 

23 

140.2 

35.2 

56.5 

194 

07/02 

24 

144.6 

33.9 

57.9 

194 

07/02 

25 

144.6 

34.9 

56.8 

194 

07/02 

26 

144.6 

35.0 

56.7 

194 

07/02 

27 

145.8 

32.6 

59.3 

194 

07/02 

28 

145.8 

30.5 

61.6 

194 

07/02 

29 

153.0 

36.7 

54.9 

194 

07/02 

30 

153.0 

36.7 

54.9 

194 

07/02 

31 

153.0 

36.7 

54.9 

194 

07/02 

Notes:  1  Unusable:  Lost 

2  Unusable:  Jigsawed*  When  Removed  From  Shipping  Bag. 

1 5  Unusable.  Too  Low  A  FAW 

16  Unusable.  Too  Low  A  FAW 

17  Unusable.  Too  Low  A  FAW.  Jigsawed*  When  Removed  From  Shipping  Bag. 

18  Unusable.  Too  High  A  FAW 

1 9  Unusable.  Too  High  A  FAW 

20  Unusable.  Too  High  A  FAW 

28  Unusable.  Too  Resin  Thin 

*  Jigsawed  meaning  the  prepreg  broke  up  into  numerous  small  strips  of  prepreg  tape. 
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Table  16-b,  YSH50  Prepreg  Properties:  As  Delivered  (Fabricator  Measured): 


Tape 

Fiber 

Areal 

Weight 

Resin 

Content 

V, 

Impregnation 

Temperature 

Fabrication 

Date 

(Number) 

(gms/sqm) 

(%Weight) 

(%) 

(°F) 

1 

181.9 

35.0 

52.5 

194 

21/10/02 

2 

154.1 

42.3 

44.8 

190 

12/11/02 

3 

148.3 

42.4 

44.7 

191 

12/11/02 

4 

147.9 

42.8 

44.3 

192 

12/11/02 

5 

142.3 

45.0 

42.1 

187 

20/11/02 

6 

142.3 

45.0 

42.1 

188 

20/11/02 

7 

142.3 

43.8 

43.3 

189 

20/11/02 

8 

146.0 

39.1 

48.1 

190 

25/11/02 

9 

144.9 

41.2 

45.9 

192 

25/11/02 

10 

144.2 

41.1 

46.0 

188 

26/11/02 

11 

147.2 

40.4 

46.8 

190 

26/11/02 

12 

148.0 

40.4 

46.8 

190 

26/11/02 

13 

151.2 

45.4 

41.7 

190 

26/11/02 

14 

135.6 

45.5 

41.6 

190 

26/11/02 

15 

150.2 

45.6 

41.5 

187 

10/12/02 

16 

147.1 

44.9 

42.2 

189 

10/12/02 

17 

140.1 

44.2 

42.9 

190 

10/12/02 

18 

147.0 

41.7 

45.4 

187 

12/12/02 

19 

140.1 

45.4 

41.7 

189 

12/12/02 

20 

147.1 

42.7 

44.4 

190 

12/12/02 

21 

150.9 

41.0 

46.1 

187 

13/12/02 

22 

161.5 

44.3 

42.8 

189 

13/12/02 

23 

153.9 

44.3 

42.8 

188 

13/12/02 

24 

150.0 

43.0 

44.1 

187 

16/12/02 

25 

143.5 

41.9 

45.2 

189 

16/12/02 

26 

145.8 

42.9 

44.2 

188 

16/12/02 

27 

144.1 

41.6 

45.5 

187 

17/12/02 

28 

139.8 

44.4 

42.7 

189 

17/12/02 

29 

147.7 

44.4 

42.7 

188 

17/12/02 

30 

147.5 

42.4 

44.7 

187 

18/12/02 

31 

148.4 

46.1 

41.0 

187 

18/12/02 

32 

139.0 

46.4 

40.7 

187 

18/12/02 

33 

149.0 

41.7 

45.4 

187 

19/12/02 

Notes:  1  Unusable:  FAW  Too  High 
2  Unusable:  FAW  Too  High 

7  Unusable:  Tape  Jigsawed*  Into  30-40  Separate  Pieces  When  Removed  From  The 
Shipping  Bag 

10  Unusable:  Tape  Jigsawed*  Into  -10  Separate  Pieces  When  Removed  From  The 
Shipping  Bag 

12  Unusable:  Tape  Jigsawed*  Into  -10  Separate  Pieces  When  Removed  From  The 
Shipping  Bag 

14  Unusable:  FAW  Too  Low 

22  Unusable:  FAW  Too  High 

23  Unusable:  FAW  Too  High 

31  Unusable:  Resin  Too  High 

32  Unusable:  Resin  Too  High 

*  Jigsawed  meaning  the  prepreg  broke  up  into  numerous  small  strips  of  prepreg  tape. 
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Table  16-c,  YSH60  Prepreg  Properties:  As  Delivered  (Fabricator  Measured): 


Tape 

Fiber 

Areal 

Weight 

Resin 

Content 

V, 

Impregnation 

Temperature 

Fabrication 

Date 

(Number) 

(gms/sqm) 

(%Weight) 

(%) 

(°F) 

1 

131.0 

55.0 

32.5 

200 

30/10/02 

2 

167.2 

38.0 

49.0 

192 

08/11/02 

3 

163.9 

44.9 

42.0 

194 

11/11/02 

4 

144.0 

37.9 

49.1 

191 

11/11/02 

5 

146.3 

44.5 

42.4 

188 

13/11/02 

6 

142.9 

44.1 

42.8 

189 

13/11/02 

7 

143.5 

44.1 

42.8 

190 

13/11/02 

8 

147.2 

39.2 

47.8 

188 

19/11/02 

9 

147.2 

41.0 

45.9 

189 

19/11/02 

10 

140.3 

44.9 

42.0 

190 

19/11/02 

11 

140.3 

43.9 

43.0 

191 

19/11/02 

12 

138.4 

39.6 

47.3 

188 

27/11/02 

13 

139.0 

37.4 

49.7 

189 

27/11/02 

14 

140.9 

43.9 

43.0 

189 

27/11/02 

15 

140.0 

43.1 

43.8 

188 

27/11/02 

16 

140.5 

40.1 

46.8 

188 

02/12/02 

17 

155.2 

45.1 

41.8 

189 

02/12/02 

18 

146.6 

41.5 

45.4 

190 

02/12/02 

19 

152.0 

45.7 

41.2 

188 

03/12/02 

20 

145.4 

42.9 

44.0 

189 

03/12/02 

21 

146.7 

41.8 

45.1 

190 

03/12/02 

22 

157.4 

42.2 

44.7 

188 

04/12/02 

23 

172.3 

41.2 

45.7 

189 

04/12/02 

24 

169.4 

39.9 

47.0 

190 

04/12/02 

25 

160.9 

44.7 

42.2 

188 

05/12/02 

26 

150.5 

42.2 

44.7 

189 

05/12/02 

27 

148.7 

43.5 

43.4 

190 

05/12/02 

28 

147.4 

45.4 

41.5 

188 

06/12/02 

29 

149.3 

43.3 

43.6 

189 

06/12/02 

30 

137.0 

44.1 

42.8 

190 

06/12/02 

31 

137.3 

49.0 

38.0 

188 

09/12/02 

32 

142.9 

47.3 

39.6 

189 

09/12/02 

Notes: 


1  Unusable:  Jigsawed*  On  Removal  From  The  Shipping  Bag. 

2  Unusable:  FAW  Too  High 

3  Unusable:  FAW  Too  High 

12  Unusable:  Jigsawed*  Into  Strips  ~  1  Inch  Wide  When  Removed  From  The  Shipping 
Bag 

16  Unusable:  Severe  Gapping  Between  Tows  And  Jigsawed  On  Removal  From  The 
Shipping  Bag 

18  Unusable:  Jigsawed*  Into  Strips  ~  llnch  Wide  When  Removed  From  The  Shipping 
Bag 

21  Unusable:  Jigsawed*  Into  Strips  ~1  Inch  Wide  When  Removed  From  The  Shipping 
Bag 

23  Unusable:  FAW  Too  High 

24  Unusable:  FAW  Too  High 

25  Unusable:  FAW  Too  High 

*  Jigsawed  meaning  the  prepreg  broke  up  into  numerous  small  strips  of  prepreg  tape. 
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Experimental:  Prepreg  Cutting  And  Additional  Measurements 

Plus  45°,  minus  45°,  0°,  and  90°,  12  inch  by  9  inch  and  6  inch  by  6  inch  plies  of  the  prepregs  were 
subsequently  cut  by  the  A&PI  from  the  locations  shown  in  figures  44  and  45  from  a  series  of  the 
strips  from  various  prepreg  tapes  during  the  winter  of  2003.  Meticulous  Cleaning  Procedures 
were  taken  by  the  A&PI  to  avoid  contaminating  the  cut  prepreg  plies  during  the  cutting.  The 
surface  upon  which  cutting  occurred  was  wiped  down  with  FC&N  cheese  cloth  wipes  soaked  in 
IPA  before  each  days  cutting  and  kept  free  of  potential  dust  contamination  by  being  covered  as 
shown  in  figure  46  with  opened  up  FC&N  CLEANLINER  PE  bags  made  by  CLEAN  FILM 
conforming  to  NASA  JPG  5322.1  Level  100.  All  of  the  cutting  tools  shown  in  figure  46  and  cutting 
templates  shown  in  figure  47  used  were  cleaned  by  the  same  technique  used  to  clean  D2512 
specimens,  which  will  be  described  later  in  this  report.  The  cutting  tools  were  stored  when  not  in 
use  under  ACS  grade  FC&N  acetone  in  jars  cleaned  by  the  same  technique  (the  cutting  tools). 
Meticulous  Cleaning  Procedures  were  used  on  the  templates  and  they  were  stored  in  FC&N  PE 
Zip  lock  bags  when  not  being  used.  Meticulous  Cleaning  Procedures  were  used  on  the  cutting 
board  and  it  was  stored  under  a  FC&N  CLEANLINER  PE  bag  when  not  being  used. 

The  various  prepreg  tapes’  thickness,  fiber  areal  weight  (FAW),  PAW,  and  RC  were  measured  by 
cutting  three  to  six  roughly  10  square  inch  pieces  from  the  areas  in  figures  44  and  45  labeled 
“Eliminate  Prepreg”.  The  thickness  was  measured  with  a  micrometer  accurate  to  0.0001  inch. 
The  remaining  properties  were  measured  using  the  resin  extraction  technique  depicted  in  figure 
48  developed  by  the  A&PI.  Detailed  drawings  of  the  sub  components  shown  in  figure  48  are 
given  in  the  Designed  Equipment  appendix.  The  area  of  the  sampled  prepreg  was  first  measured 
with  a  caliper  accurate  to  0.001  inch  and  then  weighted  to  0.0001  gm  accuracy.  The  resin 
extraction  tray  was  also  weighed  to  the  same  accuracy.  The  prepreg  was  placed  into  the  tray 
and  the  tray  with  prepreg  in  it  was  placed  into  the  Qorpac  quart  jar.  The  jar  was  then  filled  with 
ACS  grade  acetone  and  left  in  a  hood.  The  resin  was  both  dissolved  and  displaced  from  the 
surface  of  the  fibers  and  settled  to  the  bottom  of  jar.  After  roughly  12  hours  the  tray  was  removed 
from  the  jar  and  allowed  to  sit  until  the  acetone  had  evaporated.  The  tray  was  then  weighted  to 
the  same  accuracy  as  above  described. 

Table  1 7  lists  the  measured  prepreg  properties  for  the  cut  tapes  from  each  particular  fiber’s 
prepreg.  All  of  the  prepregs  were  very  thick,  ranging  from  6.6  to  16.2  mils  thick  with  a  typical 
thickness  of  1 1  mils.  The  FAWs  of  all  of  the  prepregs  ranged  widely  between  the  125s  and  155s 
gms/sqm,  also  usually  exhibiting  substantial  standards  of  deviation  within  tapes.  The  RCs  of  the 
prepreg  tapes  measured  showed  that,  particularly  for  the  YSH  fiber  containing  prepregs,  all  of  the 
prepregs  were  extremely  resin  rich  with  some  tapes  having  RCs  well  into  the  50  plus  percent 
range.  This  resin  rich  aspect  implied  that  a  substantial  amount  of  resin  would  need  to  be  bled  off 
of  any  composite  laid  up  using  these  prepregs.  To  obtain  the  targeted  fiber  volume  (Vf)  for  this 
effort  of  between  60  and  65  percent,  the  amount  of  resin  needing  to  be  removed  from  these 
prepregs  was  as  high  as  120  plus  gms/sqm  and  routinely  between  60  and  80.  This  high  RC  and 
the  large  thickness  of  the  tapes  meant  that  a  significant  amount  of  trial  and  error  modifications  to 
the  standard  Cytec  5250-4  RTM  cure  cycle  would  need  to  be  done  in  order  to  make  good  cured 
composites  from  these  prepregs. 
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Composite  -45  Ply  Loyup  Prepreg  Sheets 
Materials  Of  Construction:  High  Thermal  Conductivity  Tiber 
High  Tg  Thernoset  Resin 

Number  Required:  6 
Tolerances:  XXXX'  +/-  0.010' 

Draftsman  /  Engineer:  Roger  H.  Gerzeski 

Date:  4  Oct  PO00  Rev  A:  06  Mar  0001  B-  01  Dct  0001  D  12  Nov  0001  D=  3  Dec  0001 


Figure  44-b,  Prepreg  Individual  Ply  Cutting  Dimensions:  12x9  Specimen  Plate 
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Composite  90  Ply  Layup  Prepreg  Sheets 

Materials  Of  Construe tian:  High  Thermal  Conductivity  Fiber 

High  Tg  Thermoset  Resin 

Number  Required^  6 
Tolerances'  X.XXX'  +/-  0-010' 

Draftsman  /  Engineer^  Roger  H>  Gerzeski 

Date:  4  Oct  2000  Rev  A:  £6  Mar  £001  B;  21  Dct  £001  C=  4  Dec  £001 


Cure  Row  6-x^  Test  Composite  +/~45  Ply  Layup  Pref 
Materials  Of  Construction:  High  Thermal  Conductivity  F 
High  Tg  Thermos £ t  Resin 


Number  Required:  6 
Tolerances:  x  XXX'  +/-  0.010' 

Draftsman  /  engineer:  Roger  H  Gerzesfci 

Dote-  4  Oct  £000  Rev  *  £6  Mar  £001  B  £1  Oct  £001 


Figure  46,  Prepreg  Cutting  Table  and  Tools 


Figure  47,  Prepreg  Cutting  Templates 
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Parts  List; 

1.  Prepreg  Extraction  Tray  Prepreg  Pesin  Extraction  Assemnly 

2.  QorPac  1  Quart  Jar  Engineer:  Roger  Gerzeski 

With  Teflon  Lined  Lid  Date:  22  Dec  2002  Rev  A:  2  Feb  2003 

Figure  48,  Resin  Extraction 
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Table  17-a,  T650-35  Prepreg  Properties:  As  (Author  /  Principal  Investigator)  Measured: 


Tape 

Fiber  Areal  Weight  (gms/sqm) 

Resin  Content  (%weight) 

V,(%) 

Number 

Avg  +/-  Std  Data  Points  Max  -  Min 

Max  -  Min 

Max  -  Min 

3 

131.9+/- 11.8  3 

145.6-125.0 

38.9-35.4 

56.4  -  52.5 

4 

149.5  +/-  3.3  3 

152.5-146.0 

36.6-35.9 

55.6  -  54.9 

5 

139.0+/- 6.5  4 

145.9-132.9 

38.7-37.9 

49.2-48.8 

6 

151.3+/- 0.4  3 

151.6-150.8 

38.1  -37.7 

49.7-49.0 

7 

134.3+/- 3.6  3 

138.4-131.9 

38.5-37.7 

49.4-48.8 

8 

130.4+/- 0.5  3 

131.0-130.1 

31.9-31.7 

56.2  -  56.0 

10 

133.1+/- 0.5  3 

133.6-132.7 

32.2-31.6 

60.2-59.7 

11 

156.2+/- 1.8  3 

158.3-155.1 

32.4-31.9 

56.0  -  55.4 

12 

162.3+/- 0.5  3 

162.8-161.8 

33.0-32.7 

59.1  -58.8 

13 

151.3+/- 1.5  3 

152.9-150.0 

33.4  -  32.4 

59.4  -  58.5 

14 

153.9+/- 1.0  3 

155.0-153.0 

34.3-33.7 

57.8-57.3 

18 

156.2+/- 2.2  3 

157.8-153.7 

34.8-33.8 

57.8-56.7 

19 

158.5+/- 7.0  3 

166.6-154.0 

36.4  -  33.8 

57.7-55.5 

20 

165.6+/- 2.7  3 

168.7-164.0 

38.6-37.1 

54.6-53.1 

21 

129.0+/- 2.4  3 

131.5-126.7 

35.1  -34.2 

53.2-52.2 

22 

137.0+/- 1.3  4 

138.3-  135.3 

35.9-34.3 

53.3-51.5 

23 

140.9  +/-  0.3  3 

141.1  -  140.6 

35.8-35.5 

52.0-51.5 

24 

140.7+/- 1.5  3 

142.2-139.2 

34.0  -  33.8 

53.8-53.7 

25 

138.5+/- 0.5  3 

139.0-  138.0 

35.9-34.6 

52.8-51.3 

26 

146.0  +/-  9.4  3 

156.8-140.5 

36.1  -35.2 

56.6  -  55.7 

27 

144.3+/- 1.1  3 

145.1  -  143.1 

33.6-32.7 

55.0-53.9 

28 

147.3  +/-  0.9  4 

148.3-146.2 

31.3-29.5 

62.8-60.7 

29 

150.9+/- 2.4  3 

153.6-149.2 

37.4  -  36.2 

55.4  -  54.3 

30 

156.6+/- 2.7  3 

159.4-154.0 

38.4-37.1 

54.7-53.0 

31 

165.0+/- 6.4  3 

172.4-160.6 

37.9-37.1 

54.8-53.5 

Tape  Number  Resin  Removal  (gms/sqm)  To  Achieve  Vf  Of  Thickness  (mils) 

65%  Max  -  Min 

60%  Max  -  Min 

Max  -  Min  Data  Points 

3 

37.5-20.6 

24.4-9.3 

9.7 -7.3 

12 

4 

30.3-27.6 

16.5-14.0 

10.6-9.0 

10 

5 

43.5-39.2 

32.6-29.1 

10.3-7.8 

19 

6 

45.3-42.7 

33.7-31.2 

10.0-8.6 

22 

7 

40.0-40.0 

30.0-29.5 

9.6 -8.2 

22 

8 

19.3-18.6 

9.3 -8.6 

9.1  -7.4 

23 

10 

12.8-11.6 

0.8- -0.5 

9.2 -7.9 

12 

11 

24.7-23.2 

12.9-11.1 

9.6 -8.1 

21 

12 

18.5-17.6 

3.9 -2.9 

9.3 -7.9 

12 

13 

18.6-15.5 

4.7 -1.9 

10.4-8.5 

12 

14 

22.3-20.7 

8.5 -6.8 

10.3-8.5 

12 

18 

25.0-21.3 

10.7-7.1 

10.8-8.9 

12 

19 

30.7-21.0 

15.7-7.1 

10.8-9.1 

12 

20 

39.7-34.8 

24.9-19.5 

10.6-9.1 

12 

21 

29.5-25.7 

19.5-16.0 

9.5 -6.6 

18 

22 

32.4-27.5 

22.1  -  17.0 

11.6-8.4 

16 

23 

33.7-32.2 

23.0-21.5 

10.5-8.1 

19 

24 

27.1  -26.9 

16.3-16.1 

10.2-8.0 

15 

25 

33.7-29.2 

23.1-18.7 

11.6-8.6 

19 

26 

25.5-22.8 

12.8-10.1 

12.7-9.7 

12 

27 

27.0-24.1 

16.1-13.0 

10.1-8.5 

17 

28 

11.1-5.7 

NA 

10.0-8.5 

17 

29 

32.0-28.0 

18.4-14.5 

10.8-9.6 

12 

30 

37.7-32.6 

23.8-18.2 

11.6-9.5 

12 

31 

40.3-32.3 

24.8-17.8 

16.2-9.0 

12 
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Table  17-b,  YSH50  Prepreg  Properties:  As  (Author  /  Principal  Investigator)  Measured: 


Tape 

Fiber  Areal  Weight  (gms/sqm) 

Resin  Content  (%weight) 

v,(%) 

Number 

Avg  +/-  Std  Data  Points 

Max  -  Min 

Max  -  Min 

Max  -  Min 

3 

146.9+/- 1.8  3 

148.8-145.2 

45.9-45.3 

41.7-41.5 

4 

145.5  +/-  2.4  3 

147.9-143.2 

45.7-45.0 

42.4-41.5 

5 

137.1+/- 10.0  3 

148.6-130.5 

47.1  -46.3 

40.9-39.8 

6 

133.5+/- 2.8  3 

135.3-130.3 

46.6-46.2 

40.9-40.7 

7 

142.7  +/-  3.9  3 

146.9-139.2 

45.6-38.9 

48.4-41.4 

8 

141.5+/- 3.0  3 

144.2-138.3 

49.9-48.8 

38.1  -37.2 

10 

144.9  +/-  2.6  3 

147.7-142.7 

42.7-41.2 

45.8-44.3 

11 

147.5+/- 1.3  3 

148.9-146.3 

42.4-41.8 

45.2-45.0 

12 

146.8+/- 0.8  3 

147.6-146.0 

42.5-41.5 

45.3-44.8 

14 

136.7+/- 2.1  5 

139.0-134.2 

51.0-41.1 

46.1  -36.3 

15 

136.9+/- 1.7  3 

138.8-  135.6 

49.3-46.9 

40.0-38.2 

16 

144.0  +/-  7.0  3 

152.0-139.3 

47.4-46.5 

40.5-40.0 

17 

144.9+/- 0.1  3 

145.0-144.8 

45.1  -44.2 

43.0-42.4 

19 

140.6  +/-  3.4  3 

143.6-136.9 

47.2-45.1 

42.0-39.9 

20 

139.9+/- 1.6  3 

141.4-138.3 

44.7-44.5 

42.7-42.4 

21 

149.4  +/-  3.8  3 

153.5-146.1 

45.3-41.5 

45.6-41.8 

22 

159.5+/- 4.6  4 

162.9-152.8 

45.9-44.6 

42.5-41.1 

24 

148.0+/- 2.5  3 

150.7-145.8 

51.9-51.6 

35.8-35.5 

25 

142.0  +/-  2.4  3 

144.8-140.4 

52.3-49.8 

37.5-35.3 

27 

140.9+/- 3.6  3 

143.9-136.9 

45.6-42.3 

45.0-41.7 

28 

128.3+/- 1.4  3 

129.2-126.6 

50.5-50.1 

37.4-36.9 

29 

146.3+/- 2.0  3 

147.8-144.1 

47.5-45.4 

41.7-39.6 

30 

145.3+/- 1.6  3 

146.5-143.5 

44.1  -43.5 

43.8-43.0 

31 

149.8+/- 4.0  4 

154.1  -  144.4 

52.1  -49.1 

38.1  -35.5 

32 

144.4+/- 3.3  3 

147.4-140.8 

49.9-44.4 

42.7-37.4 

33 

146.5+/- 3.8  3 

150.9-143.9 

43.3-42.4 

44.5-43.8 

Tape  Number  Resin  Removal  (gms/sqm)  To  Achieve  Vf  Of  Thickness  (mils) 

65%  Max  -  Min  60%  Max  -  Min 

Max  -  Min  Data  Points 

3 

77.2-74.3 

65.8-63.2 

12.3-8.1 

12 

4 

75.1  -72.0 

64.0-60.7 

12.6-8.9 

12 

5 

86.4-71.4 

75.0-61.3 

12.3-8.1 

12 

6 

73.5-71.4 

63.2-61.5 

12.2-7.7 

12 

7 

72.5-46.1 

61.9-34.9 

12.5-9.0 

12 

8 

98.4-89.2 

87.4-78.6 

14.5-8.5 

12 

10 

63.1  -55.0 

51.8-44.1 

11.2-8.2 

12 

11 

60.6-58.9 

49.2-47.6 

11.0-8.7 

12 

12 

61.1  -58.1 

49.8-47.0 

11.5-7.4 

12 

14 

100.3-50.9 

89.7-40.6 

11.7-8.7 

12 

15 

87.4-79.3 

77.0-68.7 

11.6-8.8 

12 

16 

87.1  -77.0 

75.5-66.4 

13.2-9.6 

12 

17 

70.9-67.7 

59.8-56.6 

11.4-7.5 

12 

19 

78.7-72.1 

68.3-61.1 

12.1  -9.5 

12 

20 

67.7-67.2 

56.9-56.5 

12.8-9.5 

12 

21 

74.1  -57.8 

62.9-46.5 

10.9-7.7 

12 

22 

86.5-73.9 

74.1  -62.3 

11.9-9.2 

10 

24 

112.7-111.3 

101.2-100.1 

12.8-9.3 

12 

25 

111.6-94.7 

100.5-83.9 

12.3-9.1 

12 

27 

73.5-55.6 

62.5-45.2 

10.6-8.0 

12 

28 

90.0-85.6 

80.1  -76.0 

10.3-8.5 

12 

29 

84.7-75.2 

73.7-64.0 

11.6-10.3 

12 

30 

68.5-63.7 

57.4-52.8 

13.1  -8.1 

12 

31 

114.4-93.5 

102.9-82.5 

14.9-10.5 

9 

32 

99.7-69.1 

88.4-58.1 

12.8-9.4 

9 

33 

64.2-62.2 

53.2-51.2 

9.3  -7.5 

12 
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Table  17-c,  YSH60  Prepreg  Properties:  As  (Author  /  Principal  Investigator)  Measured: 


Tape 

Fiber  Areal  Weight  (gms/sqm) 

Resin  Content  (%weight) 

V,(%) 

Number 

Avg  +/-  Std  Data  Points 

Max  -  Min 

Max  -  Min 

Max  -  Min 

4 

136.4  +/-0.7 

3 

137.1  -  135.8 

50.0-48.9 

38.1  -37.6 

5 

144.1  +/.  6.7 

3 

151.6-138.7 

47.5-46.0 

41.3-39.4 

6 

138.4  +/-5.1 

3 

144.3-135.4 

45.6-45.3 

41.9-41.3 

7 

136.5  +/-  1.0 

3 

137.6-135.9 

45.8-45.2 

41.6-41.3 

8 

138.1  +1-2.2 

3 

139.7-135.5 

43.4-43.3 

43.9-43.6 

9 

137.6  +/-0.9 

3 

138.6-136.8 

42.6-41.4 

45.2-44.8 

10 

133.1  +/-2.0 

3 

134.7-130.9 

48.0-44.3 

42.9-39.3 

11 

131.3  +/-  1.8 

3 

133.3-129.8 

48.5-48.2 

39.2-38.4 

12 

133.2  +/-0.5 

3 

133.7-132.7 

40.8-40.1 

47.1  -46.3 

14 

137.1  +/-  3.7 

3 

140.7-133.4 

54.9-52.7 

34.6-33.2 

15 

141.3  +/-  1.4 

3 

142.1  -  139.7 

44.3-41.5 

45.2-42.6 

16 

142.4  +/-  3.5 

3 

145.8-138.8 

40.3-39.7 

47.5-46.9 

17 

153.3  +/-  3.4 

5 

157.2-148.8 

46.5-38.7 

48.3-40.5 

18 

145.0  +/-  4.9 

3 

150.6-142.0 

41.3-40.3 

47.1  -45.8 

19 

145.8  +/-  3.6 

3 

149.9-143.2 

49.0-48.1 

38.9-38.6 

20 

141.7  +/-  1.8 

3 

143.7-140.6 

44.4-43.3 

43.7-43.1 

21 

143.1  +/-  1.4 

3 

144.7-142.1 

44.8  -  39.2 

47.6-42.6 

22 

150.5  +/-3.0 

3 

153.8-147.8 

43.6-43.2 

43.8-43.6 

26 

150.1  +/-  1.8 

3 

152.0-148.5 

44.8-43.5 

43.5-42.5 

27 

150.0  +/-  4.5 

3 

155.2-147.0 

45.0-40.6 

46.8-41.9 

28 

145.5  +/-  1.7 

3 

147.4-144.1 

47.3-46.7 

40.4-39.4 

29 

146.5  +1-2.9 

3 

148.9-143.3 

48.2-43.6 

43.3-39.3 

30 

139.5  +/-  5.1 

3 

143.2-133.6 

44.7-44.4 

42.9-42.2 

31 

130.9  +1-2.2 

6 

134.1  -  128.7 

55.8  -  50.4 

37.0-32.3 

32 

139.3  +/-  1.5 

5 

141.1  -  137.5 

49.5-48.1 

39.1  -37.6 

Tape  Number  Resin  Removal  (gms/sqm)  To  Achieve  Vf  Of  Thickness  (mils) 

65%  Max  - 

Min  60%  Max  -  Min 

Max  -  Min  Data  Points 

4 

90.9- 

88.9 

80.5-78.4 

12.4-8.9 

12 

5 

82.7- 

79.4 

72.2-67.8 

12.1  -9.2 

12 

6 

75.6- 

68.6 

64.6  -  58.3 

11.7-9.8 

12 

7 

71.6- 

70.7 

61.2-60.2 

11.2-8.8 

12 

8 

62.5- 

61.1 

51.9-50.6 

11.4-7.4 

12 

9 

57.3- 

55.0 

46.7-44.5 

11.2-8.6 

12 

10 

80.3- 

61.9 

70.1  -52.0 

10.7-8.1 

12 

11 

82.2- 

80.2 

72.3-70.0 

10.5-8.2 

12 

12 

49.2- 

46.4 

39.0-36.2 

16.7-7.3 

12 

14 

123.6 

-110.3 

112.9-99.8 

12.2-6.4 

12 

15 

67.3- 

56.9 

56.7-46.0 

11.6-8.6 

12 

16 

51.7- 

48.0 

40.5-37.1 

11.2-5.9 

12 

17 

85.9- 

48.8 

74.0-37.0 

12.9-9.3 

12 

18 

54.7- 

52.4 

43.8-40.9 

12.2-7.7 

12 

19 

93.8- 

88.5 

82.3-77.6 

12.4-9.4 

12 

20 

66.9- 

62.8 

56.0-52.1 

12.2-7.7 

12 

21 

68.4- 

47.5 

57.5-36.6 

12.5-8.3 

12 

22 

69.0- 

65.3 

57.3  -  54.0 

11.3-9.0 

12 

26 

72.6- 

67.2 

61.1  -55.9 

12.1  -8.7 

12 

27 

74.5- 

55.4 

63.2-43.5 

11.0-7.8 

12 

28 

85.7- 

82.0 

74.7-70.8 

13.2-8.4 

12 

29 

88.4- 

68.4 

77.1  -57.0 

11.9-8.2 

12 

30 

70.8- 

63.2 

59.9-53.0 

10.8-7.2 

12 

31 

121.2 

-92.6 

111.2-82.5 

12.9-10.4 

16 

32 

93.3- 

84.2 

82.5-73.7 

12.8-9.2 

22 
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Experimental:  Composite  Panel  Lay  Up  Sequence  and  Sizes 

D2512  requires  the  generation  of  flat  specimens.  To  assure  that  the  composite  panels  out  of 
which  the  D2512  specimens  where  to  be  made  were  flat,  a  quasi  isotropic  lay  up  sequence  of  the 
prepreg  plies  was  selected.  A  reasonably  through  reading  by  the  A&PI  of  the  literature 
concerning  cryogenic  temperature  exposure  and  cryogenic  cycling  of  composites  indicated  that 
an  optimal  fiber  orientation  difference  between  adjacent  plies  to  minimize  cracking  and 
delamination  was  roughly  35°. C1  C4b  This  orientation  minimizes  the  stresses  in  the  matrix  resulting 
from  the  temperature  excursions  experienced  by  the  composite  during  cure,  post  cure  and 
cryogenic  LOX  D2512  testing.  If  these  residual  and  temperature  induced  stresses  exceed  the 
matrixes’  tensile  strength  and  or  the  composite’s  interfacial  strength,  then  cracks  and 
delaminations  would  occur  in  the  composite.  What  effect  they  have  on  the  D2512  LOX 
compatibility  of  a  composite  is  unknown,  and  not  a  variable  desired  to  be  experimentally 
investigated  by  this  effort.  Unfortunately  a  quasi  isotropic  lay  up  sequence  with  the  fiber 
orientations  of  the  adjacent  ply  orientated  no  more  than  35°  apart  is  not  possible.  The  closest 
that  is  possible,  for  the  least  number  of  plies  to  be  used,  is  45°.  This  fiber  orientation  difference 
was  settled  upon  by  the  A&PI. 

A  common  per  ply  thickness  routinely  attained  by  the  composites  industry  is  5  mils.  Based  upon 
circa  2002  fabricated  LOX  LV  tank  thicknesses  in  the  range  of  100  to  250  mils  thickness,  the  final 
thickness  of  the  composite  plates  made  to  generate  the  D2512  specimens  needed  to  fall  in  this 
range.  Due  to  the  limited  quantity  of  prepreg  available  to  this  effort,  the  targeted  composite 
thickness  was  selected  by  the  A&PI  to  be  120  mils.  This  set  the  number  of  plies  in  the  composite 
plates  to  be  made  for  this  effort  at  twenty-four. 

Based  upon  the  above  restrictions  the  final  lay  up  sequence  settled  on  by  the  A&PI  was  the 
twelve  ply  symmetric  spiral  lay  up  detailed  in  figure  49.  This  lay  up  sequence  would  generate  the 
desired  quasi  isotropic  flat  composite  plates.  This  sequence  would  also  assure  that  the  fiber 
orientations  between  individual  adjacent  plies  would  be  no  more  than  45°  and  so  reduce  the 
possibility  of  microcracking  the  matrix  and  delaminating  the  composite  with  cryogenic  LOX 
exposure. 

For  reasons  associated  with  the  cutting  of  D2512  specimens  out  of  the  composite  plates  that  will 
be  discussed  later  in  the  report,  an  additional  eight  ply  symmetric  spiral  lay  up  identical  to  that  in 
figure  49  minus  the  outer  four  plies  was  also  settled  upon.  This  lay  up  was  used  to  make  backing 
composite  plates  for  use  during  the  cutting  of  burr  free  D2512  specimens  from  the  twenty-four  ply 
specimen  generating  composite  plates. 

Two  different  sizes  of  composite  plates  were  laid  up.  Initially  6  inch  by  6  inch  bleed  flow  plates 
were  laid  up  and  cured  out  by  various  permutations  on  the  standard  Cytec  5250-4  RTM  cure 
cycle.  When  an  acceptable  cure  cycle  was  developed  with  these  bleed  flow  plates,  then  the  12 
inch  by  9  inch  specimen  composite  plates  were  laid  up  and  cured  out.  As  depicted  in  figure  49, 
seventy-two  D2512  specimens  could  be  cut  out  of  these  specimen  composite  plates  for 
subsequent  examination  and  mechanical  impact  LOX  compatibility  testing. 
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Figure  49,  Proposed  Specimen  Plate  Lay  Up  Sequence  And  Dimensions 


Composite  Specimen  Plate 

Materials  Of  Construction:  High  Thermal  Conductivity  Fiber 

High  Tg  Thermo  set  Resin 

Tolerances^  X.XXXX'  +/-  0.0005'  r 0.120 

X.XXX*  +/-  0.003'  J _ 


Experimental:  Bleed  Flow  Composite  Plate  Lay  Up  and  Cure  Profile  Development 

Four  sets  of  bleed  flow  plates  were  laid  up  and  cured  out  under  various  permutations  of  the  Cytec 
standard  5250-4  RTM  cure  profile  with  various  numbers  of  bleeder  plies  to  extract  the  high 
excess  resin  content  of  the  very  resin  rich  prepregs.  Vacuum  was  lost  in  the  vacuum  bag  on  one 
plate  set  and  so  only  three  successful  bleed  flow  plate  set  runs  were  made. 

Due  to  the  extreme  variance  of  the  FAW  and  RC  of  the  cut  and  measured  prepregs  listed  in  table 
17  the  A&PI  was  forced  to  devise  a  scheme  for  interleaving  the  various  prepregs  from  the  various 
cut  tapes  to  attempt  to  get  a  uniform  consistency,  wrinkle  free,  well  bled  final  composite  exhibiting 
the  targeted  Vf.  The  objective  of  the  interleaving  scheme  was  to  place  high  RC  prepregs  next  to 
low  RC  prepregs  and  high  FAW  prepregs  next  to  low  FAW  prepregs  to  attempt  to  create  a 
balanced  lay  up  while  making  sure  that  an  equal  number  of  prepregs  originating  from  the  same 
tape  were  on  both  symmetric  sides  of  the  final  lay  up.  Stacks  of  the  prepregs  were  planned 
which  generated  a  targeted  average  FAW  of  roughly  145  gms/sqm.  Table  18  lists  the  prepreg 
stacking  scheme  and  the  final  uncured  laid  up  bleed  flow  plate  3’s  prepreg  properties. 

Table  18,  Bleed  Flow  Plate  3  Prepreg  Lay  Up  Sequence  And  Properties: 

Table  18-a-i,  T650  Uncured  Composite  Bleed  Flow  Plate  3  Prepreg  Lay  Up  Sequence: 

Stacking  Ply  Measured  Reason  Prepreg  Tape  Was  Selected 

Sequence:  Orientation  Prepreg 

Top  (24)  to  Tape 

Bottom  (1)  Used 


24 

-45 

26 

Average  FAW; 

Average  Resin  Content 

23 

0 

26 

Average  FAW; 

Average  Resin  Content 

22 

45 

13 

Average  FAW; 

Low  Resin  Content 

21 

90 

18 

High  FAW; 

Average  Resin  Content 

20 

-45 

22 

Low  FAW; 

Average  Resin  Content 

19 

0 

25 

Low  FAW; 

Average  Resin  Content 

|18 

45 

18 

High  FAW; 

Average  Resin  Content 

17 

90 

25 

Low  FAW; 

Average  Resin  Content 

16 

-45 

14 

High  FAW; 

Average  Resin  Content 

15 

0 

26 

Average  FAW; 

Average  Resin  Content 

14 

45 

25 

Low  FAW; 

Average  Resin  Content 

13 

90 

26 

Average  FAW; 

Average  Resin  Content 

12 

90 

25 

Low  FAW; 

Average  Resin  Content 

11 

45 

26 

Average  FAW; 

Average  Resin  Content 

10 

0 

25 

Low  FAW; 

Average  Resin  Content 

9 

-45 

13 

Average  FAW; 

Low  Resin  Content 

8 

90 

14 

High  FAW; 

Average  Resin  Content 

7 

45 

22 

Low  FAW; 

Average  Resin  Content 

6 

0 

13 

Average  FAW; 

Low  Resin  Content 

5 

-45 

25 

Low  FAW; 

Average  Resin  Content 

4 

90 

26 

Average  FAW; 

Average  Resin  Content 

3 

45 

14 

High  FAW; 

Average  Resin  Content 

2 

0 

22 

Low  FAW; 

Average  Resin  Content 

1 

-45 

18 

High  FAW; 

Average  Resin  Content 

Table  18-a-ii,  T650  Uncured  Composite  Bleed  Flow  Plate  3  Laid  Up  Prepreg  Properties: 

Fiber  Areal  Weight  Resin  Content  Vf  Thickness 

(gms/sqm)  (%weight)  (%)  (mils) 

Avg  +/-  Std  Max  -  Min  Avg  +/-  Std  Max  -  Min  Avg  +/-  Std  Max  -  Min  ~Avg 

145.6  +/-  8.1  157.8  -135.3  34.8+/-  1.0  36.1  -  32.4  55.3 +/- 2.6  59.4-51.3  0.2346 

Resin  Removal  To  Achieve  Vf  Of:  65%  (gms)  60%  (gms) 

Max  -  Min  Max  -  Min 
47.9  -34.7  59.3  -  43.0 

Bleeders  Used  To  Achieve  Resin  Removal:  2 
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Table  18-b-i,  YSH50  Uncured  Composite  Bleed  Flow  Plate  3  Prepreg  Lay  Up  Sequence: 

Reason  Prepreg  Tape  Was  Selected 


Stacking 
Sequence: 
Top  (24)  to 


Ply 

Orientation 


Measured 

Prepreg 

Tape 

Used 


24 

-45 

22 

Very  High  FAW 

High  Resin  Content 

23 

0 

28 

Very  Low  FAW 

Very  High  Resin  Content 

22 

45 

31 

Average  FAW 

Very  High  Resin  Content 

21 

90 

15 

Low  FAW 

High  Resin  Content 

20 

-45 

5 

Low  FAW 

High  Resin  Content 

19 

0 

6 

Low  FAW 

High  Resin  Content 

18 

45 

28 

Very  Low  FAW 

Very  High  Resin  Content 

17 

90 

31 

Average  FAW 

Very  High  Resin  Content 

16 

-45 

6 

Low  FAW 

High  Resin  Content 

15 

0 

22 

Very  High  FAW 

High  Resin  Content 

14 

45 

15 

Low  FAW 

High  Resin  Content 

13 

90 

5 

Low  FAW 

High  Resin  Content 

12 

90 

6 

Low  FAW 

High  Resin  Content 

11 

45 

5 

Low  FAW 

Average  Resin  Content 

10 

0 

15 

Low  FAW 

High  Resin  Content 

9 

-45 

31 

Average  FAW 

Very  High  Resin  Content 

8 

90 

28 

Very  Low  FAW 

Very  High  Resin  Content 

7 

45 

22 

Very  High  FAW  High  Resin  Content 

6 

0 

5 

Low  FAW 

High  Resin  Content 

5 

-45 

28 

Very  Low  FAW 

Very  High  Resin  Content 

4 

90 

22 

Very  High  FAW 

High  Resin  Content 

3 

45 

6 

Low  FAW 

High  Resin  Content 

2 

0 

31 

Average  FAW 

Very  High  Resin  Content 

1 

-45 

15 

Low  FAW 

High  Resin  Content 

Table  18-b-ii,  YSH50  Uncured  Composite  Bleed  Flow  Plate  3  Laid  Up  Prepreg  Properties: 

Fiber  Areal  Weight 

Resin  Content 

V, 

Thicknc 

(gms/sqm) 

(%Weight) 

(%) 

(mils) 

Avg  +/-  Std 

Max  - 

Min 

Avg  +/-  Std  Max  -  Min 

Avg  +/-  Std  Max  -  Min 

-Avg 

142.2  +/- 11.8 

162.9- 

126.6 

47.9  +/-  2.1  52.1  -  44.6 

39.4+/- 2.0  42.5-35.5 

0.2496 

Resin  Removal  To  Achieve  Vf  Of:  65%  (gms)  60%  (gms) 

Max  -  Min  Max  -  Min 
114.4-71.4  102.9-  61.3 
Bleeders  Used  To  Achieve  Resin  Removal:  17 
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Table  18-c-i,  YSH60  Uncured  Composite  Bleed  Flow  Plate  3  Prepreg  Lay  Up  Sequence: 


Stacking 
Sequence: 
Top  (24)  to 
Bottom  (1) 

Ply 

Orientation 

Measured 

Prepreg 

Tape 

Used 

Reason  Prepreg  Tape  Was  Selected 

24 

-45 

31 

Very  Low  FAW 

Very  High  Resin  Content 

23 

0 

4 

Low  FAW 

High  Resin  Content 

22 

45 

10 

Low  FAW 

High  Resin  Content 

21 

90 

7 

Low  FAW 

High  Resin  Content 

20 

-45 

11 

Very  Low  FAW 

High  Resin  Content 

19 

0 

31 

Very  Low  FAW 

Very  High  Resin  Content 

18 

45 

7 

Low  FAW 

High  Resin  Content 

17 

90 

31 

Very  Low  FAW 

Very  High  Resin  Content 

16 

-45 

4 

Low  FAW 

High  Resin  Content 

15 

0 

11 

Very  Low  FAW 

High  Resin  Content 

14 

45 

31 

Very  Low  FAW 

Very  High  Resin  Content 

13 

90 

10 

Low  FAW 

High  Resin  Content 

12 

90 

4 

Low  FAW 

High  Resin  Content 

11 

45 

11 

Very  Low  FAW 

High  Resin  Content 

10 

0 

31 

Very  Low  FAW 

Very  High  Resin  Content 

9 

-45 

10 

Low  FAW 

High  Resin  Content 

8 

90 

11 

Very  Low  FAW 

High  Resin  Content 

7 

45 

31 

Very  Low  FAW 

Very  High  Resin  Content 

6 

0 

7 

Low  FAW 

High  Resin  Content 

5 

-45 

31 

Very  Low  FAW 

Very  High  Resin  Content 

4 

90 

31 

Very  Low  FAW 

Very  High  Resin  Content 

3 

45 

4 

Low  FAW 

High  Resin  Content 

2 

0 

10 

Low  FAW 

High  Resin  Content 

1 

-45 

7 

Low  FAW 

High  Resin  Content 

Table  18-c-ii,  YSH60  Uncured  Composite  Bleed  Flow  Plate  3  Laid  Up  Prepreg  Properties: 

Fiber  Areal  Weight  Resin  Content  Vf  Thickness 

(gms/sqm)  (%weight)  (%)  (mils) 

Avg  +/-  Std  Max  -  Min  Avg  +/-  Std  Max  -  Min  Avg  +/-  Std  Max  -  Min  ~Avg 

132.6+/- 2.9  137.6-  128.7  50.2 +/- 3.2  55.8  -  44.3  37.2 +/- 3.0  42.9-32.3  0.2484 

Resin  Removal  To  Achieve  Vf  Of:  65%  (gms)  60%  (gms) 

Max  -  Min  Max  -  Min 
121.2-61.9  111.2-52.0 

Bleeders  Used  To  Achieve  Resin  Removal:  16 

To  assure  that  the  correct  cut  prepregs  were  laid  up  in  the  correct  orientation  during  the  lay  up 
assembly  of  the  bleed  flow  composite  plates  and  to  assure  that  vacuum  debulking  was  done  in  a 
systematic  manner  the  A&PI  used  templates  and  check  lists.  Figure  50  depicts  the  checklists 
generated  during  the  lay  up  of  the  bleed  flow  3  composite  plates.  As  seen  in  figure  50  many 
more  of  the  prepregs  broke  up  during  lay  up.  Also  four  vacuum  debulks  were  done  during  each 
composite  lay  up  with  durations  of  15  to  60  minutes.  Each  ply  was  tacked  down  by  first  putting  a 
clean  sheet  of  Teflon  peal  ply  on  the  already  laid  up  stack  and  then  lightly  running  a  previously 
cleaned  with  cheese  cloth  wipes  soaked  in  IPA  heated  clothing  iron  over  the  just  laid  down 
prepreg.  The  entire  lay  up  was  done  using  the  Meticulous  Cleaning  Procedures.  These  cleaning 
and  handling  procedures  were  done  on  the  bleed  flow  composite  plates  to  keep  the  12  inch  by  9 
inch  prepregs,  stored  in  the  same  freezer  bag  with  these  6  inch  by  6  inch  prepregs  per 
prepregged  tape  number,  uncontaminated  for  future  use  in  making  the  specimen  composite 
plates. 
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The  laid  up  bleed  flow  3  composite  plates  then  had  the  number  of  bleeder  sheets  indicated  in 
table  18  spaced  as  equally  as  possible  on  each  side  of  the  laid  up  composite.  The  composite 
plate  with  bleeders  were  then  placed  on  a  Teflon  coated  stainless  steel  caul  plate  and  wrapped  in 
bagging.  The  wrapped  specimen  composite  plates  were  then  transferred  to  an  on  site  autoclave 
and  vacuum  bagged  for  curing. 
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Composite  Lay  Up  Sequence  Check  List 

Engineer;  Roger  'H.  Gerzeski 

Date:  5  Apr  Rev  A;  13  Feb  2003 


Start  The  Lay  Up  With  This 
Bottom  Ply  FIRST  and  Work  Up. 


Note:  J  designates  the  Jigsaw  breakup  of  the  ply  when  removed  from  the  storage  bag  for  lay  up. 


Figure  50-a,  Uncured  Composite  Bleed  Flow  Plate  Stack  Assembly  And  Initial  Vacuum  Debulk 
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All  three  types  of  bleed  flow  3  composites  were  cured  simultaneously  by  the  A&PI  modified  5250- 
4  RTM  cure  profile  depicted  in  figure  51 .  The  key  changed  features  of  this  cure  profile  was  the  15 
hour  vacuum  debulk  and  the  fast  ramp  up  to  roughly  200°F  followed  by  a  slower  ramp  up  to  the 
first  1  hour  bleed  hold.  The  200°F  rate  change  point  was  selected  because  that  was  always  above 
the  resin  impregnation  temperature  as  listed  in  table  16.  This  assured  that  the  composite’s 
through  the  thickness  temperature  was  reasonably  uniform  and  the  resin’s  temperature  was  not 
excessively  high  when  the  cure’s  scheduled  timing  arrived  at  the  bleed  hold.  It  also  assured  that 
the  resin  was  at  as  low  a  viscosity  as  it  could  get  and  would  have  a  good  chance  of  bleeding  / 
flowing  out  of  the  curing  composite. 

The  cured  bleed  flow  3  composite  plates  were  then  removed  from  their  wrapping  and  vacuum 
bagging  material.  The  plates  were  then  post  cured  in  an  air  convection  oven  by  a  6  hour  440°F 
post  cure  with  a  2°F  per  minute  ramp  up  to  the  post  curing  temperature  and  a  15  hour  natural  cool 
down. 

The  three  bleed  flow  3  composite  plates  were  c-scanned  to  determine  the  uniformity  of  the 
composite  cure  and  determine  how  effective  the  combination  of  figure  51’s  cure  profile  and  table 
18’s  bleeder  sheets  used  was  at  uniformly  removing  the  excess  resin.  Figure  52  shows  the 
results  of  the  c-scans.  They  indicate  that  the  profile  and  bleeders  used  generated  good  uniform 
composite  plates. 

The  bleed  flow  3  composite  plates  were  then  cut  along  the  lines  shown  in  figure  52  to  generate 
pieces  for  subsequent  different  types  of  testing  and  examination.  Examination  of  the  cut  surfaces 
and  overall  composite  plates  shown  in  figure  53  indicated  that  the  cure  profile  and  bleeders  used 
generated  low  waviness,  wrinkle  free,  flat  composite  plates.  Some  of  the  cut  surfaces,  indicated 
by  an  arrow  in  figure  52,  were  polished.  Micrographs,  taken  at  200X  with  the  microscope 
indicated  in  figure  54,  were  made  of  them.  Figure  55  shows  a  micrograph  of  one  each  of  these 
examined  surfaces  for  the  bleed  flow  3  composite  plates.  These  micrographs  indicated  that  there 
was  no  resin  wash  of  the  fibers,  that  there  were  no  large  pockets  of  resin,  no  large  void  pockets, 
good  and  uniform  bleed  flow  of  the  resin,  good  and  uniform  consolidation  of  the  prepreg  plies  and 
that  the  prepreg  interleaving  scheme  generated  roughly  uniform  thickness  plies. 

Three  of  the  cut  pieces  were  sampled  to  determine  the  density,  Vf,  resin  volume  (Vr)  and  void 
volume  (Vv)  for  each  of  the  bleed  flow  3  composite  plates.  An  acid  digestion  technique  was  used 
to  measure  these  values.  The  results  are  listed  in  table  19.  The  developed  figure  51  cure  profile 
and  indicated  in  table  18  bleeder  sheets  used  generated  composites  with  Vfs  in  or  slightly  greater 
than  the  targeted  objective.  Also  the  composites  exhibited  acceptable  Vvs  of  around  1  percent. 

Thicknesses  were  measured  at  numerous  points  on  the  cut  pieces  of  the  three  bleed  flow  3 
composite  plates  with  a  micrometer  accurate  to  0.0001  inch.  Table  19  lists  the  overall  measured 
and  per  ply  calculated  thicknesses.  All  of  the  plates  met  or  exceeded,  by  being  thinner,  the 
targeted  overall  composite  thickness.  Additionally  the  calculated  individual  ply  thicknesses  were 
commensurate  with  composites  industry  standards  of  5  mils,  with  the  bleed  flow  3  composite 
plates  made  from  the  experimental  fibers  having  thickness  of  slightly  more  than  4  mils. 
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■feat  Up  Part  AT  IF  per  min 


Heat  Up  Part  AT  2F  per  min 


Heat  Up  Part  AT  3.5F  per  min 


vent  Vacuum 


rh 


■hr 


14 


One  Hour  Resin 
Bleed  Hold  At  250F 


Full  Vacuum 

15  Hour  Vacuum  Debulk 
Figure  51,  Actual  Bleed  Flow  Plate  3  Cure  Profile  Used 
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5  Db  Scan  Of  T650  6x6  Plate  Number  3  Legend: 
Fiber  Volume  Specimens:  A,  B  and  C 
Thermal  Conductivity  Measurement  Specimens: 
Axial:  Stacking  Sequence:  1,2,3,4,5,6,7,8,9,10 
Transverse:  11-12 
Specific  Heat  Specimen:  SH 
Micrographed  Surface:  A 

Examined:  -  Photographed:  I 


0%  C  Scan  Transmission 


100% 

I  RH  Gerzes  ki  10/03 


Figure  52-a,  Bleed  Flow  3  Composite  Plate  C  Scans 
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6.5  Db  Scan  Of  YSH50  6x6  Plate  Number  3  Legend: 
Fiber  Volume  Specimens:  A,  B  and  C 
Thermal  Conductivity  Measurement  Specimens: 
Axial:  Stacking  Sequence:  1,2,3,4,5,6,7,8,9,10 
Transverse:  11-12 
Specific  Heat  Specimen:  SH 
Micrographed  Surface:  'r 

Examined:  -  Photographed:  I 


0%  C  Scan  Transmission  100% 


RH  Gerzes  ki  10/03 


Figure  52-b,  Bleed  Flow  3  Composite  Plate  C  Scans 
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6.5  Db  Scan  Of  YSH60  6x6  Plate  Number  3  Legend: 

Fiber  Volume  Specimens:  A,  B  and  C 

Thermal  Conductivity  Measurement  Specimens: 

Axial:  Stacking  Sequence:  1,  2,  3,  4,  5,  6,  7,  8,  9,  10 
Transverse:  11-12 
Specific  Heat  Specimen:  SH 
Micrographed  Surface:  A 

Examined:  -  Photographed:  I 

0%  C  Scan  Transmission  100% 


RH  Gerzes  ki  10/03 


Figure  52-c,  Bleed  Flow  3  Composite  Plate  C  Scans 
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Figure  53-a,  Cured  Bleed  Flow  3  Composite  Plates 


Figure  53-b,  Cured  Bleed  Flow  3  Composite  Plates 
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Figure  53-c,  Cured  Bleed  Flow  3  Composite  Plates 


Figure  54,  Microscopy  and  Digital  Picture  Capture  Equipment 
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T650-35-UC309  /  5250*4  RTM  BMI  6"x6"  Bleed  Flow  Panel  3  Micrograph  From  Sample  10  Edge^ 


Figure  55,  Bleed  Flow  3  Composite  Plate  Micrographs 
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Table  19,  Bleed  Flow  Composite  Plate  3:  Physical  Properties: 

Material:  T650-35  /  5250-4  RTM  YSH50A  /  5250-4  RTM  YSH60A  /  5250-4  RTM 


Property:  Density: 

Avg: 

1.5844 

1.7738 

1.7904 

(gms/cc) 

Max: 

1 .5990 

1 .7808 

1 .7966 

Min: 

1.5706 

1.7654 

1.7852 

Std: 

0.0142 

0.0078 

0.0058 

Data  Points: 

3 

3 

3 

Property:  Fiber  Volume:  Avg: 

65.9963 

63.2238 

63.1442 

(%) 

Max: 

66.5681 

63.3994 

63.4561 

Min: 

65.1784 

62.8714 

62.7809 

Std: 

0.6238 

0.2425 

0.2853 

Data  Points: 

3 

3 

3 

Property:  Resin  Volume:  Avg: 

32.9507 

35.5241 

35.9478 

(%) 

Max: 

33.4734 

35.9217 

36.3114 

Min: 

32.2635 

35.1827 

35.6554 

Std: 

0.3919 

0.2276 

0.2017 

Data  Points: 

3 

3 

3 

Property:  Void  Volume: 

Avg: 

1.0530 

1.2521 

0.9080 

(%) 

Max: 

2.0161 

1 .9459 

1.3067 

Min: 

0.0000 

0.6789 

0.4680 

Std: 

0.7414 

0.4033 

0.2556 

Data 

Points: 

3 

3 

3 

Property:  Thickness: 

Avg: 

0.1225 

0.1038 

0.0969 

Overall: 

Max: 

0.1245 

0.1064 

0.1000 

(inches) 

Min: 

0.1200 

0.1019 

0.0941 

Data 

Points: 

22 

22 

22 

Property:  Thickness: 

Avg: 

0.0051 

0.0043 

0.0040 

Per  Ply: 

Max: 

0.0052 

0.0044 

0.0042 

(inches) 

Min: 

0.0050 

0.0042 

0.0039 

Data 

Points: 

22 

22 

22 
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Experimental:  Specimen  Composite  Plate  Lay  Up  and  Cure  Profile  Development 

One  set  of  D2512  specimen  generating  composite  plates  were  laid  up  and  cured  out  under  one 
final  permutation  to  the  cure  profile  developed  for  the  bleed  flow  plates  with  a  larger  number  of 
bleeder  plies  versus  the  amount  of  excess  resin  needed  to  be  removed  than  that  used  during 
bleed  flow  3  plate’s  cure. 

The  same  scheme  for  interleaving  the  various  prepregs  used  to  make  the  bled  flow  plates  was 
used  again  to  overcome  the  extreme  variance  of  the  FAW  and  RC  of  the  cut  and  measured 
prepregs.  With  it  a  prepreg  stacking  sequence  for  the  specimen  composite  plates  was 
developed.  As  with  the  bleed  flow  plates,  stacks  of  the  prepregs  were  planned  which  generated  a 
targeted  average  FAW  of  roughly  145  gms/sqm.  Table  20  lists  the  prepreg  stacking  scheme  and 
the  final  laid  up  uncured  composite  specimen  plate’s  prepreg  stack  properties. 

Table  20,  Prepreg  Specimen  Plate  ILay  Up  Sequence  And  Subsequent  Properties 
Table  20-a-i,  T650  Uncured  Composite  Specimen  Plate  1  Prepreg  Lay  Up  Sequence: 


Stacking 
Sequence: 
Top  (24)  to 
Bottom  (1) 

Ply 

Orientation 

Measured 

Prepreg 

Tape 

Used 

Reason  Prepreg  Tape  Was  Selected 

24 

-45 

6 

High  FAW; 

Low  Resin  Content 

23 

0 

4 

High  FAW; 

High  Resin  Content 

22 

45 

27 

High  FAW; 

High  Resin  Content 

21 

90 

28 

Average  FAW; 

High  Resin  Content 

20 

-45 

24 

Low  FAW; 

Average  Resin  Content 

19 

0 

6 

High  FAW; 

Low  Resin  Content 

18 

45 

28 

Average  FAW; 

High  Resin  Content 

17 

90 

23 

Average  FAW; 

Average  Resin  Content 

16 

-45 

4 

High  FAW; 

High  Resin  Content 

15 

0 

24 

Low  FAW; 

Average  Resin  Content 

14 

45 

23 

Average  FAW; 

Average  Resin  Content 

13 

90 

27 

High  FAW; 

High  Resin  Content 

12 

90 

4 

High  FAW; 

High  Resin  Content 

11 

45 

24 

Low  FAW; 

Average  Resin  Content 

10 

0 

23 

Average  FAW; 

Average  Resin  Content 

9 

-45 

27 

High  FAW; 

High  Resin  Content 

8 

90 

24 

Low  FAW; 

Average  Resin  Content 

7 

45 

6 

High  FAW; 

Low  Resin  Content 

6 

0 

28 

Average  FAW; 

High  Resin  Content 

5 

-45 

23 

Average  FAW; 

Average  Resin  Content 

4 

90 

6 

High  FAW; 

Low  Resin  Content 

3 

45 

4 

High  FAW; 

High  Resin  Content 

2 

0 

27 

High  FAW; 

High  Resin  Content 

1 

-45 

28 

Average  FAW; 

High  Resin  Content 

Table  20-a-ii,  T650  Uncured  Composite  Specimen  Plate  1  Laid  Up  Prepreg  Properties: 


Fiber  Areal  Weight 

Resin  Content 

vf 

Thickness 

(gms/sqm) 

(%Weight) 

(%) 

(mils) 

Avg  +/-  Std 

Max  -  Min 

Avg  +/-  Std 

Max 

-  Min 

Avg  +/-  Std 

Max  -  Min 

-Avg 

145.7  +/-  4.2 

152.5-139.2 

34.4  +/-  2.5 

38.1 

-  29.5 

54.7+/.  4.1 

62.8-49.0 

0.2248 

Resin  Removal  To  Achieve  Vf  Of:  65%  (gms) 

Max  -  Min 
75.8  -9.5 

Bleeders  Used  To  Achieve  Resin  Removal:  2 


60%  (gms) 
Max  -  Min 
56.4  -  0 
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Table  20-b-i,  YSH50  Uncured  Composite  Specimen  Plate  1  Prepreg  Lay  Up  Sequence: 
Stacking  Ply  Measured  Reason  Prepreg  Tape  Was  Selected 

Sequence:  Orientation  Prepreg 

Top  (24)  to  Tape 

Bottom  (1)  Used 


24 

-45 

16 

High  FAW 

Low  Resin  Content 

23 

0 

3 

High  FAW 

High  Resin  Content 

22 

45 

29 

High  FAW 

High  Resin  Content 

21 

90 

11 

Average  FAW 

High  Resin  Content 

20 

-45 

17 

Low  FAW 

Average  Resin  Content 

19 

0 

16 

High  FAW 

Low  Resin  Content 

18 

45 

11 

Average  FAW 

High  Resin  Content 

17 

90 

20 

Average  FAW 

Average  Resin  Content 

16 

-45 

3 

High  FAW 

High  Resin  Content 

15 

0 

17 

Low  FAW 

Average  Resin  Content 

14 

45 

20 

Average  FAW 

Average  Resin  Content 

13 

90 

29 

High  FAW 

High  Resin  Content 

12 

90 

3 

High  FAW 

High  Resin  Content 

11 

45 

17 

Low  FAW 

Average  Resin  Content 

10 

0 

20 

Average  FAW 

Average  Resin  Content 

9 

-45 

29 

High  FAW 

High  Resin  Content 

8 

90 

17 

Low  FAW 

Average  Resin  Content 

7 

45 

16 

High  FAW 

Low  Resin  Content 

6 

0 

11 

Average  FAW 

High  Resin  Content 

5 

-45 

20 

Average  FAW 

Average  Resin  Content 

4 

90 

16 

High  FAW 

Low  Resin  Content 

3 

45 

3 

High  FAW 

High  Resin  Content 

2 

0 

29 

High  FAW 

High  Resin  Content 

1 

-45 

11 

Average  FAW 

High  Resin  Content 

Table  20-b-ii,  YSH50  Uncured  Composite  Specimen  Plate  1  Laid  Up  Prepreg  Properties: 


Fiber  Areal  Weight 

Resin  Content 

vf 

Thickness 

(gms/sqm) 

(%Weight) 

(%) 

(mils) 

Avg  +/-  Std 

Max  - 

Min 

Avg  +/-  Std 

Max  - 

Min 

Avg  +/-  Std 

Max  -  Min 

-Avg 

144.9  +/-  3.6 

152.0- 

138.3 

45.0  +/- 1 .6 

47.5  - 

41.8 

42.1  +/- 1.7 

45.2-39.6 

0.2512 

Resin  Removal  To  Achieve  Vf  Of:  65%  (gms)  60%  (gms) 

Max  -  Min  Max  -  Min 
145.7-  98.5  126.3-  79.6 
Bleeders  Used  To  Achieve  Resin  Removal:  16 
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Table  20-c-i,  YSH60  Uncured  Composite  Specimen  Plate  1  Prepreg  Lay  Up  Sequence: 
Stacking  Ply  Measured  Reason  Prepreg  Tape  Was  Selected 

Sequence:  Orientation  Prepreg 

Top  (24)  to  Tape 

Bottom  (1)  Used 


24 

-45 

27 

High  FAW 

Low  Resin  Content 

23 

0 

28 

Average  FAW 

High  Resin  Content 

22 

45 

26 

High  FAW 

High  Resin  Content 

21 

90 

29 

Average  FAW 

Average  Resin  Content 

20 

-45 

5 

Low  FAW 

Average  Resin  Content 

19 

0 

9 

High  FAW 

High  Resin  Content 

18 

45 

28 

Average  FAW 

High  Resin  Content 

17 

90 

26 

High  FAW 

High  Resin  Content 

|16 

-45 

9 

High  FAW 

High  Resin  Content 

15 

0 

27 

High  FAW 

Low  Resin  Content 

14 

45 

29 

Average  FAW 

Average  Resin  Content 

13 

90 

5 

Low  FAW 

Average  Resin  Content 

12 

90 

9 

High  FAW 

High  Resin  Content 

11 

45 

5 

Low  FAW 

Average  Resin  Content 

10 

0 

29 

Average  FAW 

Average  Resin  Content 

9 

-45 

26 

High  FAW 

High  Resin  Content 

8 

90 

28 

Average  FAW 

High  Resin  Content 

7 

45 

27 

High  FAW 

Low  Resin  Content 

6 

0 

5 

Low  FAW 

Average  Resin  Content 

5 

-45 

29 

Average  FAW 

Average  Resin  Content 

4 

90 

27 

High  FAW 

Low  Resin  Content 

3 

45 

9 

High  FAW 

High  Resin  Content 

2 

0 

26 

High  FAW 

High  Resin  Content 

1 

-45 

28 

Average  FAW 

High  Resin  Content 

Table  20-c-ii,  YSH60  Uncured  Composite  Specimen  Plate  1  Laid  Up  Prepreg  Properties: 


Fiber  Areal  Weight 

Resin  Content 

vf 

Thickness 

(gms/sqm) 

(%Weight) 

(%) 

(mils) 

Avg  +/-  Std 

Max  - 

Min 

Avg  +/-  Std 

Max  - 

Min 

Avg  +/-  Std 

Max  -  Min 

-Avg 

144.5  +/-  5.8 

155.2- 

133.6 

44.6  +/-  2.1 

47.5  - 

40.6 

42.5+/- 2.1 

46.8-39.4 

0.2436 

Resin  Removal  To  Achieve  Vf  Of:  65%  (gms)  60%  (gms) 

Max  -  Min  Max  -  Min 
143.3-92.0  124.9-72.7 
Bleeders  Used  To  Achieve  Resin  Removal:  14 

To  assure  that  the  correct  cut  prepregs  were  laid  up  in  the  correct  orientation  during  the  lay  up 
assembly  of  the  specimen  composite  plates  and  to  assure  that  vacuum  debulking  was  done  in  a 
systematic  manner  the  A&PI  once  again  used  templates  and  check  lists.  Figure  56  depicts  the 
checklists  generated  during  the  lay  up  of  the  specimen  composite  plates.  As  seen  in  figure  56 
even  more  of  the  prepregs  broke  up  during  lay  up.  Also  four  vacuum  debulks  were  done  during 
each  composite  lay  up  with  durations  of  1 5  to  45  minutes.  Each  ply  was  tacked  down  by  first 
putting  a  clean  sheet  of  Teflon  peal  ply  on  the  already  laid  up  stack  and  then  lightly  running  a 
heated  clothing  iron  over  the  just  laid  down  prepreg.  Meticulous  Cleaning  Procedures  were  used 
during  the  entire  lay  up. 

The  laid  up  specimen  composite  plates  then  had  the  number  of  bleeder  sheets  indicated  in  table 
20  spaced  as  equally  as  possible  on  each  side  of  the  laid  up  composite.  The  composite  plate 
with  bleeders  was  then  placed  on  a  Teflon  coated  stainless  steel  caul  plate.  The  caul  plate  had 
been  previously  cleaned  by  the  same  procedure  used  to  clean  the  D2512  LOX  compatibility 
specimens.  This  cleaning  procedure  will  be  described  in  a  later  subsection.  This  assemblage 
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was  then  wrapped  with  FC&N  conventional  bagging  materials.  Meticulous  Cleaning  Procedures 
were  used  during  the  entire  wrapping. 


Composite  Composite  Prepreg  Correct  Vac 


Material 

Type 

Laid 

Up-  TG5Q 


Ply 

Lay-Up 

Sequence: 


Tape 

Run 

Number: 


Prepreg 
Sheet 
Lay  Up 
Check: 


DeBulk 

Completed; 


PAtsdh- 

Size  Df 
Composite 
Laid  Up: 


Stack  Top 


t/\  ... 

4  ^  i  fuM 
yim- 
0T 

*A  J  Jt  J — 


-45*/je 

+  0  ^  ^ 

+  45  £ ZL7_L 

+  9(1 1/~ 

JLs45  irlMtC 

+  0.  Z, 

+  45^  9l8 Z,-  * _ t 

+  90  I/a PliOjPc-\ 

-454/H  / 

+  0  iZ  liid 
+  45-ZHi2 
+  90  l/.Wi/ 

-90  Z J_  ^ 

+  45ZM 
0/  2.3 


I'owoyx, 


Stack  Bottom  On 
Lay  Up  Plate 


j  t/  ,£.3 

+  90  Z  G 

+  95</4  ;/,> 

+0 1/175, 


Composite  Lay  Up  Sequence  Check  List  Start  The  Lay  Up  With  This 

Engineer:  Roger  H.  Gerzeski  Bottom  Ply  FIRST  and  Work  Up. 

Date:  5  Apr  Rev  Aj  13  Feb  C003 

Note:  J  designates  the  Jigsaw  breakup  of  the  ply  when  removed  from  the  storage  bag  for  lay  up. 


Figure  56-a,  Uncured  Composite  Specimen  Plate  Stack  Assembly  And  Initial  Vacuum  Debulk 
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Ilf)  7  c€^_C)^> 

Notes  Iron  Tcxc,  Vac  DeBulk.  ^ou^feiL l G  fc^&  O  3 

PMtta^^L  'qU^uls  /21^l  mAjZ_ 

VoyQ&A-)  Hj  3j  BPj^  \'~I)  IGj  cLu  '•  QuA^ns^ ^0 


Composite 

Material 

Type 

Laid 

Up  VSW50 


Composite 

Ply 

Lay-Up 

Sequence; 


Vavb 


Size  Df 

Composite 

Laid  Up  /£X9 


Stack  Top 


Prepreg  Correct 
Tape  Prepreg 

Run  Sheet 

Numbers  Lay  Up 
Check: 

l /iQ,^  M— 

3  S 


Vac 

DeBulk 

Completed: 


- 


/ 

A 


t—Wr 

\  p 


£L  i_i 


— M- 


h 


■<V\ 

/yv 


Stack  Bottom  Dn 
Lay  Up  Plate 


\\ 


-4^ 

z-  +0 

+  45  , 

Ji-90l/lL2. 

-T-4=,Vi?k: 

+0  IG  Ls 
+  45  S  II  lA 
T+90<1Q 
-45j/^X 
+ni/  17 
- —  CT+  4  2.0 

-T"+  PC  ^2^ 

-  +9C  3^. 

+  451X  17^. 

j-+0^  EQtd 
-45^83  *0 
J- 90  V^L^/, 
+  45*/  iGr 

+0  ^  11  ^ 
T  ^£0^ 
+  90  V  16  ^ 
+  45*^1  >3  ^ 

+0^ 

-45^  U/V^ 


Start  The  Lay  Up  With  This 
Bottom  Ply  FIRST  and  Work  Up. 


Composite  Lay  Up  Sequence  Check  List 
Engineer:  Roger  H  Gerzeski 
Date:  5  Apr  Rev  A;  13  Feb  2003 

Note:  J  designates  the  Jigsaw  breakup  of  the  ply  when  removed  from  the  storage  bag  for  lay  up. 


Figure  56-b,  Uncured  Composite  Specimen  Plate  Stack  Assembly  And  Initial  Vacuum  Debulk 
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Notes:  Iron  Tac,  Vac  DeBulk 

PjjbdtsJ*!. 

Vyu^-  £G;  a  7j  S8,  5^ 


h  'V/^ 

tfaofyyM  IQ&^xCQ 


Conposite 
Material 
Type 
Laid 

VS  HGO 


Conposite 

Ply 

Lay-Up 

Sequence: 


Prepreg  Correct 
Tape  Prepreg 

Run  Sheet 

Number?  Lay  Up 
.  Check? 


'  /-  -45  ^£7  ^ 

/  1  >/  r>o  ^  M///A 


Size  Df 
Conposite 

L«,d  Up  I^X°I 


>tack  Top 


/ 


/y 


-y  y 

■v 


-U+- 


5 


\\\ 


Stock  Bottom  Dn 
Lay  Up  Plate 


\ 
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+0  \y  23^ 

+4Sv/Z6/4 
+  90  iZ^O 
-45  t/  5/^<P 

+0  y  q  yL 

+  45/  28  >/ 

+  90  *<£6  < 

-45  Ip  9  tr^L/Ttc^ca 

+01/^  znyjML, 

+  45*^30 

+  90^  5  1// 

+904/  5'l/i 

+  45  ^ 5 

1/  301/ ,, 

-4C  U'Z-G  pL 
+  90  ^£8 
+  45  /£iZ 

+0«/  I 5/> 

-45^30^ 

+90  "Ca1 

+45ir_B 
+C  r-  £.6iy 

-454T^SZI 


Vac 

DeBulk 

Completed; 


Composite  Lay  Up  Sequence  Check  List 

Engineer:  Roger  H.  Gerzeski 

Date:  5  Apr  Rev  A;  13  Feb  2003 


Start  The  Lay  Up  With  This 
Bottom  Ply  FIRST  and  Work  Up. 


Figure  56-c,  Uncured  Composite  Specimen  Plate  Stack  Assembly  And  Initial  Vacuum  Debulk 


The  wrapped  specimen  composite  plates  were  then  transferred  to  an  on  site  autoclave  and 
vacuum  bagged  for  curing. 

All  three  types  of  the  D2512  specimen  generating  composites  were  cured  simultaneously  by  the 
final  modification  to  the  5250-4  RTM  cure  profile  depicted  in  figure  57.  This  was  essentially  the 
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same  cure  profile  used  to  cure  the  bleed  flow  3  composite  plates  with  a  few  key  changes.  The 
autoclave  temperature  ramp  rates  between  150  to  200°F  and  200  to  250“F  were  reduced  from  2 
and  1°F  per  minute  to  1 .25  and  0.75°F.  This  assured  that  the  composite’s  through  the  thickness 
temperature  was  reasonably  uniform  and  the  resin’s  temperature  was  not  excessively  high  when 
the  cure’s  scheduled  timing  arrived  at  the  bleed  hold.  It  also  assured  that  the  resin  was  at  as  low 
a  viscosity  as  it  could  get  and  would  have  a  good  chance  of  bleeding/flowing  out  of  the  curing 
composite. 

The  cured  specimen  composite  plates  were  kept  in  their  vacuum  bagging  as  seen  in  figure  58 
and  moved  into  the  lab  room  depicted  in  figure  42.  Once  in  the  lab  room  Meticulous  Cleaning 
Procedures  were  followed  and  the  wrapping  and  vacuum  bagging  material  was  then  removed 
with  tools  which  were  previously  cleaned  by  the  same  technique  used  to  clean  the  D2512  LOX 
compatibility  specimens.  The  resulting  specimen  composite  plates  were  then  rebagged  in  FC&N 
perforated  Kapton  as  shown  in  figure  59.  The  perforated  Katon  bagging  was  done  to  minimize 
the  potential  for  contamination  during  the  post  curing  of  the  specimen  composite  plates  in  the  air 
convection  heated  post  curing  oven.  The  Kapton  bagged  plates  were  then  placed  on  top  of  FC&N 
glass  fabric  as  shown  in  figure  60  so  as  to  avoid  contaminating  contact  with  the  oven’s  dirty 
surfaces  and  post  cured  in  an  air  convection  oven  by  the  post  cure  profile  shown  in  figure  61 . 

This  profile  was  in  essence  a  6  hour  440°F  post  cure  with  a  2°F  per  minute  ramp  up  to  the  post 
curing  temperature  and  a  15  hour  natural  cool  down.  The  plates  were  actually  removed  from  the 
oven  when  their  temperature  had  dropped  to  193°F  and  placed  into  FC&N  CLEANLINER  PE  bags 
for  both  the  remainder  of  their  cool  down  and  until  D2512  specimens  could  be  clean  and 
contamination  free  cut  from  them. 

Seventy-two  D2512  specimens  were  then  clean  and  contamination  free  cut  from  the  composite 
specimen  plates  before  the  plates  were  transmission  c-scanned  or  cut  up  for  further  property 
measurements.  A  detailed  description  of  this  cutting  will  be  given  in  a  later  subsection  of  this 
report.  Some  of  the  cut,  unfinished  D2512  specimens,  designated  as  “Friction  Specimens”,  were 
retained  for  backscatter  c-scanning  and  microscopy.  The  D2512  specimens  were  cut  first  from 
the  composite  plates  since  all  of  the  subsequent  testing  needed  to  be  done  on  the  composite 
plates  to  determine  their  relevant  physical  properties  and  quality  involve  dirty  processes  which 
would  contaminate  the  plates  and  subsequently  the  generated  D2512  specimens.  The  c- 
scanning  process  uses  tap  water  which  would  leave  unacceptable  quantities  of  contaminating 
metal  containing  chemicals  and  organic  compounds  on  the  plates.  The  diamond  saw  cutting  of 
the  plates  would  cause  cross  contamination  of  the  plate’s  surfaces  with  the  residue  of  other  items 
previously  cut  by  the  saw.  These  contaminates  would  skew  the  D2512  specimen’s  D2512  LOX 
compatibility  testing  results  towards  more  reactions. 

The  three  specimen  composite  plates  were,  after  they  had  had  the  D2512  specimens  cut  from 
them,  transmission  c-scanned  to  determine  the  uniformity  of  the  composite  cure  and  determine 
how  effective  the  combination  of  figure  57’s  cure  profile  and  table  20’s  number  of  bleeder  sheets 
used  was  at  uniformly  removing  the  excess  resin.  Figure  62  depicts  the  results  of  the  c-scans. 
They  indicate  that  the  profile  and  bleeders  used  generated  good  uniform  composite  plates. 

Five  to  ten  selected  samples  of  the  cut  D2512  specimens  were  also  backscatter  c-scanned.  The 
exact  location  in  the  specimen  composite  plates  where  they  came  from  is  designated  by  “FS#” 
(Friction  Specimen  #).  Figure  63  depicts  the  results  of  these  c-scans.  They  too  indicated  that  the 
profile  and  bleeders  used  generated  good  uniform  composite  plates  and  D2512  specimens. 

Both  types  of  c-scans  indicated  that  cutting  the  D2512  specimens  out  of  the  composite  specimen 
plates  caused  some  damage  to  the  composites.  The  c-scans  indicate  that  this  damage  was 
localized  to  a  narrow  zone  near  the  edges  cut  to  generate  of  the  D2512  composite  specimens. 
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Figure  57,  Actual  D2512  Specimen  Composite  Panel  Cure  Profile 
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Figure  58,  Cured  Specimen  Plates  In  Bagging 


Figure  59,  Perforated  Kapton  Bagged  For  Post  Cure  Specimen  Plates 


Figure  60,  Perforated  Kapton  Bagged 
Post  Cured  Specimen  Plates 


Figure  61 ,  Actual  Specimen  Panel 
Post  Cure  Profile  Used 


133 


e 


C  Scan  Transmission 

Istgffssssa 


4) 

ro 

4) 


E 

3 


3 

M 

CL 

£ 

■03 

E 

3 

o 

CL 

CO 


<7> 

X 

CM 


O 

in 

CM 

in 

in 

o 

■ 

o 

in 

CD 


C 

o 

CO 

O 

-Q 

Q 

in 


Figure  62-a,  Specimen  Plate  C  Scans 
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Fiber  Volume  Specimens:  A,  B  and  C 
Micrographed  Surface: 

Examined:  — _  Photographed: 


C  Scan  Trans  m  iss  ion 


Figure  62-b,  Specimen  Plate  C  Scans 
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C  Scan  Trans  miss  Ion 
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Figure  62-c,  Specimen  Plate  1  C  Scans 
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G.&  Ob  C  5-can  Of  YSH60  i  5Z50-4  RTM  12x9  Specimen  Plule  Number  1  Legend; 
Fiber  Volume  Specimens  A,  13,  mid  C 

Surface  Friefiun  Examined  and  Microyruphed  Specimens:  FS1  thru  FS5 


BflCkMattei  C  Sean  OrTGSC-M  t  S2504  RIM  Bm  D2S12  SpeeimeiiB  Fl&le  1  Li^ifcd: 


iDfl^  0  mriBniit^lDn 
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Beck  scatter  C  Scan  Of  YSH50  I  52 SO -4  RTM 
D 2512  Specimen s  Plate  Number  1  Legend:: 

Micrograph ed  Surfaces  /K 

Examined:  -  Photographed;  I  b 


Backscatler  C  Scan  Of  YSH&fl  /  52504  RTM 
02512:  Specimens  Plate  Member  1  Legends 

fil  icrographed  Surface:  A 

Examined:  Photographed:  I  uu 


Figure  63,  Backscatter  Unfinished  D2512  Specimens  C  Scans 
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The  specimen  composite  plates  and  the  friction  specimens  were  then  cut  along  the  lines  shown  in 
figures  62  and  63  to  generate  pieces  for  subsequent  different  types  of  testing  and  examination. 
Examination  of  the  cut  surfaces  and  overall  composite  plates  shown  in  figure  64  indicated  that  the 
cure  profile  and  bleeders  used  generated  moderate  to  low  waviness,  wrinkle  free,  flat  composite 
plates.  While  the  waviness  was  worse  than  that  exhibited  by  the  bleed  flow  3  plates  it  was  no 
worse  than  that  which  is  found  in  most  composites  made  by  filament  winding.  Some  of  the  cut 
surfaces,  indicated  by  an  arrow  in  figures  62  and  63,  were  polished.  Micrographs,  taken  at  200X 
with  the  microscope  indicated  in  figure  54,  were  made  of  them.  Figure  65  shows  a  micrograph  of 
one  each  of  these  examined  surfaces.  These  micrographs  indicated  that  there  was  no  resin 
wash  of  the  fibers,  that  there  were  no  large  pockets  of  resin,  no  large  void  pockets,  good  and 
uniform  bleed  flow  of  the  resin,  good  and  uniform  consolidation  of  the  prepreg  plies  and  that  the 
prepreg  interleaving  scheme  generated  roughly  uniform  thickness  plies.  They  also  show  that  the 
cutting  of  the  D2512  specimens  caused  substantial  in  ply  cracks  to  develop  in  the  specimens  and 
the  composite  plates  at  the  third  ply  up  from  the  bottom.  These  in  ply  cracks  penetrated  into  the 
composite  plates  and  specimens  to  a  length  roughly  equal  to  the  thickness  of  the  composite. 

Three  of  the  cut  pieces  were  sampled  to  determine  the  density,  Vf,  Vrand  Vv  for  each  of  the 
specimen  composite  plates.  An  acid  digestion  technique  was  used  to  measure  these  physical 
values.  The  results  are  listed  in  table  21.  The  developed  figure  57  cure  profile  and  indicated  in 
table  20  bleeder  sheets  used  generated  composites  with  extremely  uniform  Vf  (differing  between 
the  composites  by  less  a  tenth  of  a  percent!).  These  Vf  were  almost  precisely  in  the  middle  of  the 
targeted  objective.  Also  the  composites  exhibited  excellent  Vv  of  less  than  1  percent. 

Meticulous  Cleaning  Procedures  were  used  to  measure  the  thicknesses  and  diameters  of 
numerous  D2512  specimens  cut  from  each  of  the  three  types  of  specimen  composite  plates  with 
a  micrometer  accurate  to  0.0001  inch.  Table  21  lists  the  overall  measured  and  per  ply  calculated 
thicknesses  and  diameters.  All  of  the  plates  met  or  exceeded,  by  being  thinner,  the  targeted 
overall  composite  thickness.  Additionally  the  calculated  individual  ply  thicknesses  were  again 
commensurate  with  composite  industry  standards  of  5  mils  with  the  specimen  composite  plates 
made  from  the  experimental  fibers  having  thickness  marginally  greater  than  4  mils. 

Experimental:  5250-4  RTM  Neat  Resin  Specimen  Plate  Casting 

A  12  inch  by  9  inch  plate  of  5250-4  RTM  neat  resin  was  made  by  casting.  The  resin  was  first 
heated  to  130°C  and  degassed  for  30  minutes  in  a  container  which  was  previously  cleaned  by  the 
same  technique  used  to  clean  the  specimens  for  D2512  LOX  testing.  This  cleaning  technique  will 
be  discussed  in  a  later  subsection.  The  resin  was  then  cast  between  two  Teflon  lined  borosilicate 
glass  sheets  spaced  apart  by  silicone  rubber  strips.  The  two  sheets  and  the  rubber  were  cleaned 
prior  to  the  casting  by  the  same  technique  used  to  clean  the  specimens  for  D2512  LOX  testing. 
The  resin  was  then  cured  in  an  air  convection  oven  by  a  2°F  temperature  ramp  up  to  350°F 
followed  by  a  6  hour  hold  at  350°F  followed  by  a  2°F  temperature  ramp  up  to  440°F  followed  by  a 
6  hour  hold  at  440°F  and  then  cooled  by  a  20  hour  natural  cool  down  in  the  then  turned  off  oven. 

The  resin  plate  was  then  moved  into  the  Lab  room  shown  in  figure  42.  The  cured  neat  resin  plate 
was  cleanly  removed  with  tools,  which  were  previously  cleaned  by  the  same  technique  used  to 
clean  the  D2512  LOX  compatibility  specimens,  from  between  the  glass  sheets.  Meticulous 
Cleaning  Procedures  were  used  during  the  entire  removal.  The  plate  was  then  put  into  a  FC&N 
CLEANLINER  PE  bag  until  D2512  specimens  could  be  clean  and  contamination  free  cut  out. 

Seventy-two  D2512  specimens  were  then  clean  and  contamination  free  cut  from  the  neat  resin 
plate.  Meticulous  Cleaning  Procedures  were  used  to  measure  the  thicknesses  and  diameters  of 
numerous  D2512  specimens  cut  from  the  neat  resin  plate  with  a  micrometer  accurate  to  0.0001 
inch.  Table  21  lists  the  overall  measured  thickness  and  diameters.  The  plate  and  the  specimens 
met  the  targeted  overall  thickness.  Additionally  the  density  of  five  cut  out  D2512  specimens  of 
the  neat  resin  were  also  measured  by  the  Archimedes  principle.  Table  21  lists  the  measured 
density  results. 
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Figure  64-a-i,  Cured  Specimen  Plates 
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Figure  64-a-ii,  Cured  Specimen  Plates 
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T650-35  /  5250-4  RTM  Specimen  Plate  1  Cut  Edge  Side 


Figure  64-b-i,  Cured  Specimen  Plates 
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SEP  18  2003 


Figure  64-b-ii,  Cured  Specimen  Plates 
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YSH50  I  5250-4  RTM  Specimen  Plate  1  Cut  Edge  Side 


Figure  64-c-i,  Cured  Specimen  Plates 
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Figure  64-c-ii,  Cured  Specimen  Plates 
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YSH60  /  5250-4  RTM  Specimen  Plate  1  Cut  Edge  Side 


T650-35  /  5250-4  RTM  BMI 
Specimen  Panel  1 
Micrograph 

From  Sample  1 

(See  C  Scan  For  Location) 


Figure  65-a,  Specimen  Plate  Micrographs 
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YSH50  /  5250-4  RTM  BMI 
Specimen  Panel  1 
Micrograph 

From  Friction  Specimen  4 
(See  C  Scan  For  Location) 


Figure  65-b,  Specimen  Plate  Micrographs 


YSH60  /  5250-4  RTM  BMI 
Specimen  Panel  1 
Micrograph 

From  Friction  Specimen  5 
(See  C  Scan  For  Location) 


Figure  65-c,  Specimen  Plate  Micrographs 
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Table  21,  D2512  Specimen  And  Specimen  Plate  Physical  Properties 


Physical  Properties 

5250-4  RTM 

T650-35  / 
5250-4  RTM 

YSH50A / 
5250-4  RTM 

YSH60A / 
5250-4  RTM 

Density:  Specimen*  A 

Five  Data 

1.5846 

1.7807 

1 .7977 

(gms/cc)  B 

Points 

1 .5747 

1.7867 

1 .7945 

C 

Collected 

1 .5694 

1.7886 

1.7917 

Avg: 

1 .2573 

1.5763 

1.7853 

1 .7946 

Std: 

0.0051 

0.0077 

0.0041 

0.0030 

Max: 

1.2650 

1.5846 

1.7886 

1.7977 

Min: 

1.2511 

1 .5694 

1.7807 

1.7917 

Fiber 

Volume:  Specimen*  A 

64.4745 

63.3973 

63.7189 

(%)  B 

63.3962 

63.7146 

63.6820 

C 

63.1818 

63.8335 

63.5218 

Avg: 

63.6842 

63.6485 

63.6409 

Std: 

0.6928 

0.2255 

0.1048 

Max: 

64.4745 

63.8335 

63.7189 

Min: 

63.1818 

63.3973 

63.5218 

Resin 

Volume:  Specimen*  A 

35.1101 

35.7409 

35.5441 

(%)  B 

35.8494 

35.6877 

35.3479 

C 

35.7287 

35.6415 

35.3951 

Avg: 

35.5627 

35.6900 

35.4290 

Std: 

0.3966 

0.0498 

0.1024 

Max: 

35.8494 

35.7409 

35.5441 

Min: 

35.1101 

35.6415 

35.3479 

Void 

Volume:  Specimen*  A 

0.4154 

0.8617 

0.7370 

(%)  B 

0.7544 

0.5977 

0.9701 

C 

1.0896 

0.5250 

1.0831 

Avg: 

0.7531 

0.6615 

0.9301 

Std: 

0.3371 

0.1772 

0.1765 

Max: 

1.0896 

0.8617 

1.0831 

Min: 

Cut  D2512  Specimen  Thickness: 

0.4154 

0.5250 

0.7370 

(inches)  Overall: 

Avg: 

0.117 

0.1240 

0.1047 

0.1004 

Std: 

0.002 

0.0011 

0.0009 

0.0015 

Max: 

0.121 

0.1263 

0.1062 

0.1037 

Min: 

0.114 

0.1223 

0.1024 

0.0971 

Data  Points: 

28 

32 

22 

30 

Per  Ply: 

Avg: 

0.0052 

0.0044 

0.0042 

Std: 

0.00005 

0.00004 

0.00006 

Max: 

0.0053 

0.0044 

0.0043 

Min: 

Cut  D2512  Specimen  Diameter: 

0.0051 

0.0043 

0.0040 

(inches)  Overall: 

Avg: 

0.684 

0.6763 

0.6882 

0.6846 

Std: 

0.002 

0.0029 

0.0030 

0.0022 

Max: 

0.688 

0.6852 

0.6965 

0.6920 

Min: 

0.680 

0.6709 

0.6852 

0.6818 

Data  Points: 

28 

32 

22 

30 

*  See  Specimen  Plate  C  Scan  Figures  for  exact  location  of  these  samples. 
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Experimental:  D2512  Specimen  Fabrication 

The  machining  technique  of  coring  was  used  to  cut  D2512  specimens  out  of  the  four  specimen 
plates.  Coring  was  settled  upon  because  it  presented  the  least  prospects  for  specimen 
contamination  and  damage  resulting  from  fabrication.  Other  possible  techniques  like  water  jet, 
end  mill  and  continuous  blade  thru  cutting  were  rejected.  Water  jet  cutting  would  contaminate  the 
surface  of  the  D2512  specimens  with  tap  water  residue  and  impaled  cutting  abrasives;  both  of 
which  are  known  to  skew  the  results  of  D2512  testing  towards  lower  compatibility.  End  milling 
and  continuous  blade  thru  cutting  would  both  contaminate  the  surface  of  the  D2512  specimens 
with  cutting  fluid  residue  and  cause  substantial  cracking  and  delamination  damage  to  the 
composites.  The  cutting  fluid  residue  contamination  would  skew  the  D2512  LOX  compatibility 
testing  results  towards  more  ignitions.  The  substantial  cracking  and  delamination  damage  would 
be  a  completely  unknown  added  variable  not  desired  to  be  investigated  by  this  effort. 

D2512,  as  described  in  figure  5-b,  requires  that  the  tested  specimens  be  free  of  ragged  edges, 
burrs,  fins,  or  other  irregularities.  Coring  can  cause  the  creation  of  substantial  burrs  on  the 
bottom  edges  of  a  composite  specimen  if  the  core  drill’s  axis  is  normal  to  the  composites’  surface. 
This  is  called  a  blow  out  and  is  the  result  of  a  delaminating  bending  fracture  of  the  last  few  plies  in 
a  composite.  To  overcome  this  and  to  reduce  the  magnitude  of  the  size  of  the  residual  burrs  on 
the  cored  specimens,  some  trial  and  error  coring  was  done  on  scrap  composite  plates  by  the 
A&PI  and  Mr.  John  Camping  of  University  Of  Dayton  Research  Institute  in  2000.  The  results  of 
these  trails  and  errors  was  that  burring  could  be  almost  completely  eliminated  by  implementing 
two  procedures  during  the  coring  of  circular  samples  like  the  D2512  specimens  out  of  a 
composite  plate.  First  the  composite  plate  to  be  cored  would  need  to  be  placed  on  a  backing  or 
supporting  plate  during  the  coring.  Second  the  core  drill  would  need  to  intersect  the  plate  during 
the  coring  at  an  angle  of  4°  off  of  normal  to  the  plate’s  surface. 

D2512  also  requires  that  the  tested  specimens  have  a  diameter  of  0.688  inchs;  though  this  can 
range  up  to  0.750  inches.  To  eliminate  the  possibility  that  varying  a  specimen’s  diameter  might 
change  the  D2512  LOX  compatibility  results  and  to  assure  that  the  D2512  compatibility  results 
generated  by  this  effort  would  be  relatable  to  previously  reported  results  which  used  0.688  inch 
diameter  specimens,  the  A&PI  settled  upon  making  0.688  inch  diameter  specimens. 

Unfortunately  circa  late  2001  no  maker  of  core  drills  routinely  provided  them  with  internal 
diameters  of  0.688  inch.  This  forced  the  A&PI  to  design  and  have  tailor  built  core  drills  with  this 
diameter.  The  detail  drawing  of  this  core  drill  design  titled  “Diamond  Core  Drill”  is  in  the  Designed 
Equipment  appendix.  Three  core  drills  meeting  the  design  were  procured  from  Continental 
Diamond  Tool  Corp.  Continental  assigned  them  stock  part  number  232002A.  One  of  these  core 
drills  is  depicted  in  its  clean  storage  container  in  figure  66. 

To  initially  clean  and  cleanly  store  the  core  drills,  so  as  to  not  damage  their  diamond  abrasive 
cutting  surfaces,  a  storage  container  was  devised  and  assembled.  The  container  was  also 
needed  to  prevent  the  core  drills  from  striking  the  walls  of  their  container  during  storage,  which 
would  cause  the  diamond  abrasive  to  pick  up  parts  of  that  container  and  transfer  it  to  the  D2512 
specimens  during  coring.  The  design  and  use  of  this  storage  container  eliminated  this  D2512 
LOX  compatibility  reducing  cross  contamination  potential.  A  detail  drawing  of  it  titled  “Core  Drill 
Wash  Stand  Assembly”  is  provided  in  the  Designed  Equipment  appendix.  It  is  also  depicted  in 
figure  66;  it  is  the  container  and  suspending  subcomponents  that  the  core  drill  is  shown  within. 
When  the  core  drill  was  not  in  use  it  was  stored  in  the  storage  container,  immersed  under  FC&N 
ACS  grade  methylethylketone  (MEK)  or  Acetone  to  keep  it  clean  and  uncontaminated.  The 
storage  container  with  the  core  drill  inside  of  it  was  placed  into  the  sealed  paint  bucket  for  safe 
storage.  The  glass  Qorpac  quart  jar  part  of  the  storage  container  was  caustic  etched  and  all  of 
the  components  were  subsequently  cleaned  by  the  same  technique  used  to  clean  the  D2512 
specimens  before  they  were  used  to  store  core  drills. 
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A  core  drill  cuts  by  kineticly  running  an  abrasive  (diamond  for  this  effort)  across  the  cutting 
surface.  This  generates  heat  at  the  cutting  surface  interface  and  a  continuous  stream  of  coolant 
is  needed  to  carry  the  heat  away.  TDW  was  used  as  the  coolant  during  the  coring  of  D2512 
specimens  from  all  four  plates.  To  get  the  TDW  coolant  into  the  core  drill  required  that  a  coolant 
injection  collar,  which  could  be  cleaned,  used  clean  and  kept  clean,  need  to  also  be  designed. 
The  detail  drawing  of  this  coolant  injection  collar  titled  “Coolant  Adapter”  is  also  in  the  Designed 
Equipment  appendix.  It  is  depicted  disassembled  in  figure  67-a  and  assembled  and  mounted 
onto  the  core  drill  in  figure  67-b.  When  it  was  not  in  use  it  and  its’  subcomponents  were  stored  in 
caustic  etched  and  subsequently  cleaned  by  the  same  technique  used  to  clean  the  D2512 
specimens  Qorpac  pint  jars  to  keep  it  clean  and  uncontaminated. 

The  TDW  coolant  flow  was  maintained  from  the  injection  port  on  the  collar  (the  barbed  brass 
hose  couple  shown  in  figure  67-b)  into  the  core  drill  intake  port  (the  hole  in  the  upper  core  drill 
shaft  also  shown  in  figure  67-b)  by  using  grease  smeared  o-rings  as  seals.  This  was  necessary 
as  spraying  TDW  onto  the  mill  would  damage  it.  As  the  collar  remained  stationary  and  the  core 
drill  spun  at  roughly  3000  rpms  these  o-rings  degraded  from  frictional  abrasion  and  had  to  be 
changed  out  after  all  of  each  composite  specimen  plate’s  D2512  specimens  had  been  cut.  The 
o-ring  abrasion  products  and  worn  off  grease  had  but  one  direction  to  go:  onto  the  top  surface  of 
the  cored  D2512  specimens.  If  these  o-rings  and  grease  where  made  of  low  LOX  compatibility 
materials  then  they  would  potentially  contaminate  the  D2512  specimens  and  skew  the 
specimen’s  D2512  LOX  compatibility  towards  more  reactions.  To  avoid  that,  the  o-rings  were 
made  out  of  Viton  and  the  grease  was  240AB  Krytox.  Both  routinely  pass  D2512.  Their 
presence  on  the  D2512  specimens,  if  the  best  efforts  to  clean  them  off  of  the  specimens  failed, 
would  not  result  in  any  skewing  of  the  specimen’s  intrinsic  D2512  LOX  compatibility. 


Figure  66,  Core  Drill  and  Clean  Storage  Container 
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Figure  67-a,  Coolant  Adapter:  Disassembled 


Figure  67-b,  Coolant  Adapter:  Assembled  And  Core  Drill  Mounted 
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Figure  68,  Coolant  Pump  and  Reservoir 

To  get  the  TDW  coolant  into  the  coolant  injection  collar,  thru  the  core  drill  and  across  the  cutting 
surface  interface  required  a  pump  and  a  TDW  coolant  supply  reservoir.  A  submersible  pump  and 
a  PE  tank  were  procured  to  accomplish  this.  They  are  depicted  in  figure  68.  When  not  in  use 
they  were  stored  in  FC&N  PE  Ziplock  bags  (the  pumps)  or  filled  with  TDW  and  enclosed  in  a 
sealed  FC&N  CLEANLINER  PE  bag  (the  tank)  to  kept  them  clean  and  uncontaminated. 
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Figure  69,  Cutting  Jig,  Jig  Assembly  Tools,  Catch  Basin  and  Mill  Clamp  Plate 

To  burr  free  core  the  D2512  specimens  out  of  the  specimen  plates  required  that  a  jig  be  designed 
and  tailor  built  to  hold  them  during  the  machining  at  the  4°  angle.  The  detail  drawings  of  this  jig 
and  its’  related  subcomponents  are  in  the  Designed  Equipment  appendix.  It  is  depicted  in  figure 
69  along  with  the  cleanly  stored  tools  required  to  assemble  it.  When  not  in  use  it  was  stored  after 
being  cleaned  in  a  DFN2  purged  thermal  impulse  sealed  FC&N  CLEANLINER  PE  bag  to  keep  it 
clean  and  uncontaminated.  The  tools  were  stored  when  not  in  use  in  caustic  etched  and 
subsequently  cleaned  by  the  same  technique  used  to  clean  the  D2512  specimens  Qorpac  quart 
jars  to  keep  them  clean  and  uncontaminated. 

To  seal  the  CLEANLINER  PE  bags  and  other  specimen  and  prepreg  related  PE  bag  containers,  a 
12  inch  Thermo  Impulse  sealer  was  acquired.  When  it  arrived  from  the  vendor  it  was  initially 
scrubbed  with  IPA  saturated  FC&N  cheese  cloths,  scrubbed  again  with  TDW  saturated  FC&N 
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cheese  cloths,  dried  with  FC&N  cheese  cloths  and  then  stored  in  a  DFN2  purged  CLEANLINER 
PE  bags.  Whenever  it  was  to  be  used,  the  first  three  cleaning  steps  were  repeated.  When  not  in 
use  it  was  stored  in  a  FC&N  DFN2  purged  CLEANLINER  PE  bag. 

The  TDW  coolant,  once  it  had  passed  by  the  cutting  surface  interface,  needed  to  be  caught  and 
returned  to  the  TDW  coolant  supply  reservoir.  This  was  accomplished  by  anchoring  the  jig  to  the 
bottom  of  a  catch  basin  (also  depicted  in  figure  69)  and  another  submersible  pump  drew  the  TDW 
coolant  out  of  the  basin  back  into  the  reservoir. 

Tygon  High  Purity  Tubing  shown  in  figure  68  was  used  to  transport  the  TDW  coolant  from  the 
reservoir  to  the  coring  site  and  from  the  catch  basin  back  into  the  reservoir.  For  the  coring  of 
D2512  specimens  from  each  specimen  plate,  FC&N  out  of  the  box  Tygon  High  Purity  Tubing  was 
used.  It  was  discarded  after  the  coring  was  completed  so  as  to  not  cross  contaminate  the  D2512 
specimens  cored  from  a  particular  specimen  plate  with  abrasion  particles  from  a  previous  plates’s 
coring.  All  barbed  brass  hose  couples  used  during  the  coring  of  D2512  specimens  from  any 
particular  specimen  plate  were  also  discarded  after  that  plate’s  coring  for  the  same  reasons. 

To  drive  the  core  drill  and  to  precisely  locate  it  over  the  specimen  plates  during  the  coring  of  the 
D2512  specimens  required  a  mill.  The  catch  basin  and  jig  were  themselves  mounted  to  together 
onto  a  mill  clamp  plate  as  shown  in  figure  69.  They  were  then  precisely  mounted  onto  the  bed  of 
the  mill.  The  core  drill  with  the  assembled  coolant  adapter  mounted  on  it  would  then  be  inserted 
and  clamped  into  the  mill’s  chuck. 

All  most  all  of  the  designed  equipment  components  and  their  subcomponents  were  made  out  of 
aluminum  and  stainless  steel.  As  all  of  the  components  were  in  contact  with  TDW,  this  was  done 
to  reduce  the  potential  of  forming  metal  ion  corrosion  products.  These  metal  ion  corrosion 
products  could  potentially  contaminate  the  surfaces  of  the  cored  D2512  specimens  and,  as 
detailed  in  the  Theory  Section:  Ignition  Event,  skew  the  specimen’s  LOX  compatibility  towards 
more  reactions. 

The  jig  and  collar  subcomponents  and  the  tools  used  to  assemble  them  were  cleaned  by  the 
same  procedure  used  to  clean  the  D2512  specimens.  This  procedure  will  be  described  in  a  later 
subsection  of  this  report.  They  were  first  cleaned  when  they  were  initially  received  from  their 
fabricators  and  after  they  were  used  to  core  D2512  specimens  out  of  a  specimen  plate.  After 
being  used  to  core  a  specimen  plate  the  jig  and  collar  were  allowed  to  soak  in  a  solution  of  Ivory 
soap  and  TDW  until  a  day  later  when  they  were  cleaned. 

Due  to  the  way  in  which  the  diamond  abrasive  was  attached  to  the  core  drills  shank  it  needed  to 
be  cleaned  in  a  different  way.  They  were  cleaned  by  being  placed  in  the  already  cleaned  storage 
containers  described  above  filled  with  FC&N  ACS  grade  MEK.  Then  the  container  with  the  core 
drill  in  it  was  gently  agitated  for  5  hours.  The  MEK  was  drained  from  the  storage  container  and 
replaced  with  FC&N  MEK.  This  entire  process  was  repeated  four  times  for  each  of  the  three  core 
drills  before  they  were  used. 

The  TDW  reservoir  tank  and  the  submersible  pumps  were  cleaned  when  they  were  first  received 
by  first  scrubbing  them  out  with  TDW  saturated  cheese  cloths  and  then  using  the  pumps  to 
vigorously  circulate  for  14  to  1  hour  3  gallons  of  a  cleaner  solution  and  then  rinse  them  five  times. 
This  cleaned  the  pumps  and  the  tank  simultaneously.  The  cleaner  solution  consisted  of  14  ounce 
of  Ivory  dish  soap  to  1  gallon  of  TDW.  The  rinse  consisted  of  3  gallons  of  TDW.  Within  one  day 
after  being  used  as  the  coolant  reservoir  for  the  coring  of  D2512  specimen  from  a  specimen 
plate,  the  tank  was  drained  and  the  same  cleaning  procedure  was  done  again. 

These  cleaning  procedures  for  the  jig,  collar,  tools,  pumps  and  tank  were  done  so  as  to  not  allow 
the  abrasion  products  from  the  previous  days  coring  to  cake  up  on  them.  This  caking  would  have 
made  the  cleaning  even  more  difficult.  It  would  also  have  potentially  resulted  in  the  cross 
contamination  of  the  D2512  specimens  cored  from  the  next  specimen  plate  or  plates  to  be  cored 
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with  the  abrasion  products  from  previously  cored  plates.  This  cross  contamination  needed  to  be 
avoided  as  it  might  possibly  skew  later  cored  D2512  specimen’s  LOX  compatibility  towards  more 
reactions. 

Prior  to  the  setting  up  of  the  jig,  collar,  core  drill,  pumps,  tubing  and  tank  on  and  around  the  mill  in 
preparation  for  coring  D2512  specimens  from  a  specimen  plate,  a  slight  modification  to  the 
Meticulous  Cleaning  Procedures  was  implemented.  The  mill  was  not  located  in  the  lab  room 
described  in  the  Meticulous  Cleaning  Procedures  section,  it  was  located  in  another  general 
specimen  prep  lab  room.  The  Meticulous  Clearing  Procedures  were  done  on  the  mill  and  that 
quarter  of  the  specimen  prep  lab  room  in  which  it  sat.  Then  the  coring  equipment  was  set  up. 

After  the  coring  equipment  was  set  up  and  made  ready,  a  specimen  plate  and  a  backing  plate 
made  from  the  same  material  was  removed  from  their  storage  bags  and  clamped  into  the  jig.  The 
backing  plates,  when  used,  were  placed  under  the  specimen  plates. 

The  D2512  specimens  were  cored  out  of  the  four  specimen  plates  in  the  following  sequence: 

First  the  neat  resin  plate,  then  the  T650  plate,  then  the  YSH50  plate  and  finally  the  YSH60  plate. 
Figure  70  depicts  the  coring  of  the  T650  specimens.  Using  one  core  drill  to  core  out  the  D2512 
specimens  from  more  than  one  of  the  composite  specimen  plates  would  result  in  the  cross 
contamination  of  the  D2512  specimens  cored  out  of  the  subsequent  composite  specimen  plates. 
This  would  skew  the  D2512  LOX  compatibility  testing  results  of  those  subsequently  cored  D2512 
specimens  towards  more  reactions.  To  eliminate  this,  three  separate  core  drills  were  used.  Each 
composite  specimen  plate’s  D2512  specimens  were  cored  out  with  a  different  FC&N  core  drill. 
The  same  core  drill  used  to  core  the  D2512  specimens  out  of  the  5250-4  RTM  neat  resin 
specimen  plate  was  also  used  to  core  the  specimens  out  of  the  T650-35  composite  specimen 
plate.  Since  the  T650-35  composite  specimen  plate’s  matrix  was  5250-4  RTM  the  A&PI  decided 
that  this  would  result  in  no  D2512  LOX  compatibility  results  skewing  cross  contamination. 


Figure  70,  T650-35  Fiber  Composite  Specimen  Plate  Coring 


155 


Seventy-two  D2512  specimens  were  each  cored  out  of  the  four  specimen  plates.  Except  for  the 
five  to  ten  previously  mentioned  “Friction  Specimens”  retained  for  additional  examination,  the 
specimens  were  collected  out  of  the  catch  basin  with  clean  forceps,  rinsed  with  TDW,  placed  into 
Qorpac  pint  jars  and  stored  under  TDW  as  depicted  in  figure  7 1 .  These  jars  had  been  previously 
cleaned  by  first  caustic  etch  and  then  the  same  procedure  used  to  clean  the  D2512  specimens. 
This  D2512  specimen  cleaning  procedure  will  be  detailed  in  a  later  subsection  of  this  report. 
Storage  under  TDW  was  done  so  as  to  not  allow  the  abrasion  products  to  cake  up  on  the  D2512 
specimens.  This  caking  would  have  made  the  cleaning  even  more  difficult.  The  abrasion 
products  might  also  skew  the  resulting  D2512  LOX  compatibility  results  and  this  was  another 
variable  that  this  effort  did  not  intend  to  measure. 


Figure  71,  Specimen  Storage  Between  Processing  Steps  From  Coring  To  Final  Cleaning 


As  depicted  in  figure  72  the  unfinished  freshly  cored  D2512  specimens  had  a  “slightly  trapezoidal” 
cylindrical  shape.  D2512  specimens  created  from  the  5250-4  RTM  neat  resin  plates  were  cored 
without  the  use  of  a  backing  plate.  This  generated  substantial  burrs  on  the  bottoms  of  the 
resulting  neat  resin  specimens.  The  composite  specimen  plates  were  cored  with  backing  plates 
made  from  the  same  composite  material.  Using  the  backing  plates  substantially  reduced  the 
degree  of  burring  on  the  D2512  specimens  cored  from  the  composite  specimen  plates. 
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Figure  72-a,  Unfinished  “Slightly  Trapezoidal”  Cylinder  D2512  Specimens 


T650-35  /  5250-4  RTM  BMI  Specimens 

Figure  72-b,  Unfinished  “Slightly  Trapezoidal”  Cylinder  D2512  Specimens 
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YSH50  /  5250-4  RTM  BMI  Specimens 

Figure  72-c,  Unfinished  “Slightly  Trapezoidal”  Cylinder  D2512  Specimens 


Figure  72-d,  Unfinished  “Slightly  Trapezoidal”  Cylinder  D2512  Specimens 

Some  random  and  sporadic  delamination  and  removal  of  the  outer  most  plies  on  the  outer  bottom 
edges  of  the  D2512  specimens  cored  from  the  composite  specimen  plates  can  be  inferred  from 
figure  73.  This  occurred  in  spite  of  the  use  of  the  backing  plates.  It  indicates  that  the  interface 
between  the  5250-4  RTM  matrix  and  the  all  of  the  fibers  used  was  at  best  marginal. 
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Figure  73-a,  Cored  Composite  Specimen  Plate  Edges 
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Figure  73-b,  Cored  Composite  Specimen  Plate  Edges 
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Figure  73-c,  Cored  Composite  Specimen  Plate  Edges 
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IrQtt  PisauasHH 


50X  micrographs  of  the  outer  bottom  surfaces  of  the  D2512  specimens  cored  from  the  three 
composite  specimen  plates  were  taken  using  the  microscope  shown  in  figure  54.  They  are 
depicted  in  figure  74.  These  micrographs  indicate  the  following.  The  coring  of  the  composites 
made  with  the  YSH  fibers  caused  a  feathering  extraction  or  lifting  of  the  fibers  away  from  the 
outer  edge  of  the  main  body  of  the  specimen.  The  YSH  fiber  containing  composites  also  have  a 
loosely  adhered  resin  rich  coating  on  them  which  is  easily  removed.  All  of  the  D2512  composite 
specimens  exhibit  indications  of  frictional  abrasion  on  their  bottom  surfaces. 

Figure  75  depicts  the  tops  and  bottoms  of  the  “Friction  Specimens”  taken  from  the  composite 
specimen  plates  without  magnification.  The  ease  of  removing  the  resin  coating  on  the  D2512 
specimens  made  from  the  YSH  fiber  composites  is  confirmed  by  figure  75.  Figure  75  shows  that 
the  resin  rich  coating  was  even  removed  to  a  minor  degree  from  the  tops  of  the  YSH50  fiber 
composites  and  significantly  more  so  from  the  top  of  the  YSH60  fiber  composites.  The  indication 
of  frictional  abrasion  is  also  seen  without  magnification  in  figure  75  at  the  outer  edges  of  the 
bottom  of  all  of  the  D2512  composite  specimens. 

The  resin  removal  from  the  tops  of  the  YSH  fiber  containing  D2512  specimens  could  only  have 
come  about  as  a  result  of  the  flowing  coolant.  Other  then  being  handled  by  SPN  gloved  hands 
and  being  placed  into  PE  bags  until  they  could  be  examined,  nothing  else  came  into  contact  with 
them.  This  is  an  indication  of  the  quality  of  the  interface  between  the  matrix  and  the  fibers.  It  was 
marginal  for  the  YSH50  fiber  composite  specimens  and  poor  for  the  YSH60  fiber  composite 
specimens. 

The  feathering  extraction  or  lifting  of  the  fibers  away  from  the  outer  edge  of  the  main  body  of  the 
sides  of  the  YSH  fiber  D2512  specimens  is  due  to  the  frictional  abrasion  cutting  of  the  diamond 
powder  on  the  core  drill.  The  degree  of  extraction  is  an  indication  of  the  YSH  fibers  to  matrix 
interfacial  strength.  This  also  supports  the  conclusion  reached  in  the  previous  paragraph: 
marginal  interface  strength  for  the  YSH  50  fiber  composites  and  poor  for  the  YSH60. 

The  indication  of  frictional  abrasion  on  the  bottoms  of  the  YSH  fiber  D2512  specimens  is  the 
result  of  their  “slightly  trapezoidal”  shape  and  coolant  flow  through  the  core  drill.  The 
combination,  caused  the  cored  D2512  specimens  to  both  be  pressed  against  the  backing  plate, 
wedged  against  the  inner  walls  of  the  core  drill  and  then  dragged  downward  as  the  core  drill 
continued  coring  into  the  backing  plate.  The  author/PI  anticipated  that  this  friction  and  its’ 
resulting  abrasion  between  the  composite  specimen  plate  and  the  backing  plate  might  occur. 

This  frictional  abrasion  will  cause  the  transfer  of  material  from  the  backing  plate’s  top  surface  onto 
the  D2512  specimen’s  bottom  surface.  Since  the  backing  plates  were  fabricated  out  of  the  same 
composite  material  as  the  specimen  composite  plates  this  transfer  consisted  of  the  same  to  the 
same.  Had  the  backing  plates  been  made  of  a  different  material,  it  would  have  been  the  different 
material  of  the  backing  plate  being  transferred  into  the  surface  of  the  specimen  plates.  This 
would  have  been  a  possible  cause  of  cross  contamination.  If  not  eliminated  by  making  both  the 
specimen  composite  plates  and  the  backing  composite  plates  out  of  the  same  material,  it  would 
have  possibly  skewed  the  final  D2512  LOX  compatibility  results  of  the  cored  specimens. 

The  deep  gouge  in  Friction  Specimen  4  of  figure  75-c-ii  was  the  result  of  the  A&PIs  effort  to 
extract  it  from  the  core  drill.  Frictional  heat  generated  by  the  diamond  abrasives  coring  of  the 
specimens  was  carried  into  the  D2512  specimens  during  their  coring.  This  heat  and  how 
effectively  it  was  carried  into  the  D2512  specimens  caused  them  to  expand.  With  the  increased 
thermal  conductivity  of  the  YSH  fibers  their  main  specimen  bodies  would  heat  up  enough  during 
the  coring  to  expand  and  “wedge”  themselves  into  the  sides  of  the  core  drill.  This  was  primarily 
overcome  by  bringing  the  TDW  coolant’s  temperature  down  to  that  of  ice  water  by  adding  TDW 
ice  to  the  reservoir.  But  occasionally  a  specimen  would  still  get  wedged  and  needed  to  be 
knocked  out  with  a  stainless  steel  rod.  As  the  striking  of  the  specimen  would  cause  mechanically 
degrading  damage  and  possible  contamination,  both  of  which  might  skew  the  D2512  LOX 
compatibility  of  that  specimen,  these  wedged  specimens  were  usually  relegated  to  display  and 
presentation  use.  They  were  not  processed  on  for  D2512  LOX  compatibility  testing. 
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50  /  5250-4  RTM  Cored  Specimen  Abrasion 


The  TDW  ice  was  made  by  filling  FC&N  Ziplock  PE  bags  with  TDW  and  freezing  them.  Roughly 
10  pounds  of  TDW  ice  was  used  to  during  the  coring  of  the  YSH  fiber  containing  composite 
specimen  plates. 


Figure  74-a,  Cored  Unfinished  D2512  Specimen  Abrasion:  50X  Magnified 
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Figure  74-b,  Cored  Unfinished  D2512  Specimen  Abrasion:  50X  Magnified 
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RKGerce$ki  11/03 


Figure  74-c,  Cored  Unfinished  D2512  Specimen  Abrasion:  50X  Magnified 
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YSHSO  I  5250-4  RTM 
Specimen  Plate  1 
Friction  Specimens 
Abrasion 
RHGerzeski  5/05 


T650  /  5250-4  RTM  BMI  Specimen  Panel  1  Top 


NOV  7  2003 


Figure  75-a-l,  Cored  Unfinished  D2512  Specimens 

T650  /  5250-4  RTM  BMI  Specimen  Panel  1  Bottom 


NOV  7  2003 


Figure  75-a-ii,  Cored  Unfinished  D2512  Specimens 
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Friction  Specimen  2 


Friction  Specimen  4 


Friction 
Specimen  5 


Friction  Specimen  1 


Friction  Specimen  3 


NOV  21  2003 


RHGfirzflskt  1 2/03 


YSH50  /  5250-4  RTM  BMI  Specimen  Panel  1  Top 

Figure  75-b-i,  Cored  Unfinished  D2512  Specimens 
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Friction  Specimen  3  Friction  Specimen  4 


Friction 
Specimen  5 


NOV  21  2003 

RHGarzesiti  12/03 

YSH50  /  5250-4  RTM  BMI  Specimen  Panel  1  Bottom 

Figure  75-b-ii,  Cored  Unfinished  D2512  Specimens 
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Friction  Specimen  3  Friction  Specimen  4 


Friction 
Specimen  5 


RHGerzeski  2/04 


_  FEB  19  2004 

YSH60  /  5250-4  RTM  BMI  Specimen  Plate  1  Top 

Figure  75-c-i,  Cored  Unfinished  D2512  Specimens 
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Friction  Specimen  1  Friction  Specimen  2 


Friction  Specimen  3 


Friction  Specimen  4 


YSH60/  5250-4  RTM  BMI 


Friction 
Specimen  5 


FEB  19  2004 

RHGerzeski  2/04 

Specimen  Panel  1  Bottom 


Figure  75-c-ii,  Cored  Unfinished  D2512  Specimens 
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A  comparator  roughness  gage  was  used  to  determine  the  top  and  bottom  surface  roughness  of 
the  various  D2512  specimens.  Figure  76  depicts  the  best  fit  between  the  surface  roughness  of 
one  of  the  5250-4  RTM  D2512  specimens  and  the  various  roughnesses  on  the  gage.  All  D2512 
specimens  and  the  plates  that  they  were  fabricated  out  of  exhibited  similar  surface  roughnesses 
of  approximately  63.  This  roughness  was  a  residual  of  the  peal  plies  used  during  the  specimen 
plates  curing. 


Figure  76,  D2512  Specimen  Surface  Finish 

The  burrs  and  feathering  on  the  D2512  specimens  were  removed  by  wet  sanding.  Also  during 
this  sanding,  a  light  (barely  perceivable)  to  mild  Gust  perceivable)  beveled  edge  on  the  top  and 
bottom  of  all  specimens  was  ground  into  them.  Figure  77  depicts  one  example  of  each  type  of 
these  sanded  and  beveled  specimens.  TDW  was  used  as  the  wetting  coolant  for  the  sanding 
wheel.  600  grit  abrasive  sand  paper  was  used  as  the  abrasive.  SPN  gloves  were  worn  through 
out  the  sanding  of  all  of  the  D251 2  specimens.  No  attempt  was  made  to  remove  the  loosely 
attached  resin  coating  on  the  top  and  bottom  surfaces  of  either  of  the  experimental  fibers  D2512 
specimens.  To  minimize  the  frictional  transfer  of  abrasive  into  the  surface  of  the  D2512 
specimens,  the  contact  force  was  light  and  accompanied  by  a  constant  rolling  of  the  specimen  in 
the  direction  of  the  rotating  sanding  wheel.  This  was  done  to  suppress  the  skewing,  by 
increasing  the  reported  number  of  ignitions,  effects  which  abrasives  are  known  to  have  on  D2512 
LOX  compatibility  test  results.  The  specimens  were  rinsed  by  numerous  squirts  of  TDW.  They 
were  then  stored  under  TDW  in  FC&N  Qorpac  pint  jars  which  had  been  previously  caustic  etched 
and  cleaned  by  the  same  technique  used  to  clean  D2512  specimens  for  D2512  LOX  compatibility 
testing. 
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FEB  17  2004 


Experimental:  Specimen  Cleaning  and  Packaging 

As  was  alluded  to  in  the  Introduction  and  the  Theory  Section,  contaminating  materials  like  oils, 
abrasives,  and  or  other  inadvertently  picked  up  materials  skew  a  specific  material’s  D2512  LOX 
compatibility  testing  results.  These  contaminating  materials  almost  always  cause  more  ignition 
results  in  D2512  testing.  To  assure  that  the  D2512  specimens  generated  by  this  effort  were  at  the 
necessary  uniform  state  of  high  cleanliness  needed  for  D2512  LOX  compatibility  testing,  all  of 
them  and  any  and  all  tools  and  equipment  used  to  fabricate,  handle,  and  store  them  were 
cleaned  by  the  meticulous  procedure  detailed  in  this  section. 

Prior  to  setting  up  the  D2512  specimen  cleaning  equipment,  Meticulous  Cleaning  Procedures 
were  used  on  the  lab  room  shown  in  figure  42  were  the  cleaning  was  done.  Applicable 
Meticulous  Cleaning  Procedures  were  used  in  each  of  the  following  steps  described  below. 

Each  time  components  or  D2512  specimens  needed  to  be  cleaned  roughly  40  gallons  of  TDW 
was  required  to  be  generated  by  the  distillers  depicted  in  figure  42.  Twenty  gallons  of  TDW  was 
initially  generated  by  each  paired  single-to-double  and  double-to-triple  distillers  depicted  in  figure 
42  after  they  were  first  acquired  to  clean  them.  The  single  to  double  stage  distillers  usually  had  a 
slight  oil  residue  left  in  them  after  1  gallon  had  been  processed.  This  was  wiped  out  of  them  with 
a  FC&N  cheese  cloth  before  the  next  gallon  was  processed.  After  this  initial  cleaning  was  done, 
the  TDW  generated  by  the  distillers  was  stored  in  5  and  8  gallon  PE  jugs  equipped  with  spigots. 
After  the  jugs  were  acquired  they  were  initially  cleaned  by  being  agitation  washed  after  being 
filled  with  2  gallons  of  the  previously  described  room  temperature  TDW  and  Ivory  dish  soap 
solution.  The  solution  was  then  drained  through  the  spigot.  They  were  then  filled  with  TDW  and 
allowed  to  stand  for  three  days.  This  rinse  was  also  drained  through  the  spigot.  This  standing 
rinse  was  repeated  five  times.  Externally  accreted  dust  and  other  organic  contamination  of  the 
spigots  through  out  the  effort  was  prevented  by  enclosing  them  in  FC&N  PE  bags. 

Two  large  capacity  Ultrasonic  cleaners  were  used  in  the  cleaning  procedure.  After  receipt  from 
the  vendor  and  before  being  used  to  clean  other  items  the  tanks  were  initially  cleaned  by  the 
following  procedure.  Each  tank  was  washed  by  ultrasonicating  a  full  tank  of  TDW  and  Ivory  dish 
soap  solution  previously  described  at  150°F  for  5  minutes.  This  was  repeated  once  again.  Each 
tank  was  then  rinsed  by  filling  the  tank  with  TDW  at  150°F  and  ultrsonicating  for  5  minutes.  This 
was  repeated  five  more  times.  At  the  end  of  each  cleaning  activity  in  this  effort,  the 
ultrasonicater  tanks  were  drained,  blown  down  with  DFN2,  wiped  dry  with  FC&N  cheesecloth 
wipes  and  placed  inside  of  FC&N  CLEANLINER  (see  figure  78  and  42)  PE  bags  for  clean,  no 
corrosion,  contamination  free  storage. 

All  glassware  used  in  this  effort  was,  when  it  was  received  from  the  vendor,  first  cleaned  by  the 
following  procedure  before  being  used  to  clean  or  contain  other  items.  Every  glassware  item  was 
first  caustic  etched.  Each  glassware  item  was  then  ultrasonication  washed  by  filling  or 
immersing  it  with  or  in  the  previously  described  TDW  and  Ivory  dish  soap  solution  at  150°Ffor  5 
minutes.  This  was  repeated  once  again.  Each  glassware  item  was  then  rinsed  by  filling  or 
immersing  it  with  or  in  TDW  at  150°F  and  ultrsonicating  for  5  minutes.  This  was  repeated  nine 
additional  times.  The  large  4  liter  Pyrex  beakers  and  the  15  inch  and  9  inch  Pyrex  casserole 
dishes  shown  in  figure  78  were  filled  to  accomplish  the  above  steps.  They  were  primarily  used  to 
clean  other  items  or  to  heat  TDW  for  other  cleaning  activities.  When  not  in  use  they  were  stored 
immersed  under  TDW  in  the  5  gallon  polypropylene  (PP)  tanks  shown  in  figure  78  and  42  which 
were  placed  inside  of  CLEANLINER  PE  bags  for  clean,  contamination  free  storage.  The  large 
casserole  dishes  were  stored  in  FC&N  CLEANLINER  PE  bags  as  also  shown  in  figure  78.  These 
large  casserole  dishes  were  used  for  cleaning  the  D2512  specimen  coring  related  equipment, 
prepreg  cutting  related  tools,  caul  plates,  autoclave  cure  related  wrapping  and  bagging  removal 
tools,  and  neat  resin  casting  equipment.  The  1  liter  Pyrex  beakers,  Qorpac  jars  and  the  6  inch 
and  3  inch  diameter  Petri  dishes  were  immersed  in  the  4  liter  beakers  to  accomplish  the  above 
cleaning  steps.  Since  they  were  used  in  direct  contact  with  the  D2512  specimen’s  surface  during 
those  specimens  cleaning  they  needed  to  be  stored  in  the  clean  DFN2  purged  glove  box  shown  in 
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figure  78,  as  their  entire  surface  needed  to  be  clean.  The  1  liter  beakers  and  the  6  inch  Petri 
dishes  used  during  the  wash  steps  of  the  D2512  specimen  cleaning  were  stored  immersed  under 
TDW  in  the  5  gallon  PP  tanks  shown  in  figure  78  and  42  which  were  then  placed  inside  of 
CLEANLINER  PE  bags. 

The  5  gallon  PP  tanks,  when  they  were  first  acquired,  were  scrubbed  and  washed  with  FC&N 
cheese  cloths  soaked  in  the  room  temperature  TDW  and  Ivory  dish  soap  solution  described 
above.  They  were  then  filled  with  TDW  and  allowed  to  stand  for  three  days.  This  standing  rinse 
was  repeated  four  times.  The  TDW  in  these  tanks,  when  they  were  being  used,  was  drained  and 
replaced  every  third  month. 

During  D2512  specimen  cleaning  the  specimens  themselves  were  only  actively  manipulated  by 
contact  with  the  clean  9  inch  long  stainless  steel  tweezers  depicted  in  figure  79.  During  the 
packaging  of  the  specimens  for  clean  and  contamination  free  storage  and  shipping  they  were 
manipulated  by  contact  with  the  clean  6  inch  long  stainless  steel  tweezers  depicted  in  figure  79-b. 
Both  of  these  along  with  the  scissors  depicted  in  figure  79  needed  to  be  cleaned  before  they 
could  be  used.  They  were  cleaned  by  the  same  procedures  described  for  glassware  cleaning 
except  for  the  caustic  etch  step.  Since  they  were  used  in  direct  contact  with  the  D2512 
specimen’s  surface  during  those  specimen’s  cleaning  and  packaging  they  needed  to  be  stored  in 
the  clean  DFN2  purged  glove  box. 

To  prevent  recontamination  of  D2512  specimens  with  dust  and  other  organics  after  they  have 
been  cleaned  they  need  to  be  handled  and  packaged  in  a  controlled  clean  environment.  To 
provide  this  environment  a  glove  box  was  purchased.  The  glove  box  was  cleaned  when  it  arrived 
from  the  vendor  by  being  hand  scrubbed  and  washed  with  FC&N  cheese  cloths  soaked  in  the 
room  temperature  TDW  and  Ivory  dish  soap  solution  described  above.  The  glove  box  was  then 
rinsed  out  by  scrubbing  it  again  with  FC&N  cheese  cloths  soaked  in  the  room  temperature  TDW. 

It  was  then  hooked  up  to  a  DFN2  line  as  shown  in  figure  42.  As  the  glove  box  was  made  of 
polymethylmethacrylate,  a  high  rate  of  DFN2  flow  purge  was  flushed  through  it  for  three  months 
prior  to  its  first  use.  This  was  done  to  assure  that  any  low  molecular  weight  residual  solvents  in  or 
on  the  polymethylmethacrylate  had  time  to  diffuse  out  and  be  blown  out  of  the  glove  box  by  the 
DFN2  purge.  The  high  DFN2  flow  was  continuously  maintained  throughout  the  entire  effort  to 
assure  that  the  clean  environment  inside  of  the  glove  box  was  maintained. 

Long  term  clean  storage,  packaging  and  shipping  of  clean  D2512  specimens  requires  that  they 
be  placed  and  sealed  in  Aclar  bags  meeting  NASA  JPG  5322.1  Level  100  cleanliness.  To  seal 
the  Aclar  bags  a  4  inch  Thermo  Impulse  sealer  was  acquired.  It  is  the  blue  piece  of  equipment 
shown  in  figure  79-b.  When  it  arrived  from  the  vendor  it  was  initially  scrubbed  with  IPA  saturated 
FC&N  cheese  cloths,  scrubbed  again  with  TDW  saturated  FC&N  cheese  cloths,  dried  with  FC&N 
cheese  cloths  and  then  placed,  used  and  stored  for  the  duration  of  this  effort  in  the  DFN2  glove 
box.  It  was  placed  near  and  used  near  a  purge  port.  To  attempt  to  allow  any  organic  residual 
contaminates  to  evolve  off  of  it  before  its  first  use,  it  sat  unused  for  an  additional  3  months  in  the 
glove  box  after  this  initial  cleaning  in  the  high  flow  DFN2  purge  stream. 

3  inch  by  2  inch  Aclar  bags  were  purchased  from  CLEAN  FILM.  They  also  make  the  previously 
mentioned  CLEAN  LINERS.  They  were  fabricated  clean  to  the  appropriate  NASA  standard  and 
shipped  in  outer  wrapping  similar  to  the  CLEANLINER  packaging  shown  in  figure  78.  This 
wrapping  was  removed  in  the  glove  boxes’  airlock  using  applicable  Meticulous  Cleaning 
Procedures.  The  Aclar  bags  were  then  immediately  placed  into  a  Qorpac  pint  jar,  previously 
cleaned  by  caustic  etch  and  the  D2512  specimen  cleaning  technique,  inside  the  glove  box  for 
clean  and  contamination  free  storage  until  needed. 
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Figure  78,  Clean  Glassware  Storage 
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Figure  79-a,  Clean  Glassware,  Specimen  Handling  Tools,  And  Storage 


Figure  79-b  Clean  Bagging  Tools  And  Storage 
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After  having  generated  the  necessary  40  gallons  of  TDW  and  set  up  all  of  the  equipment  needed 
to  clean  D2512  specimens,  the  specimens  were  removed  from  their  Qorpac  jars  and  placed  into 
clean  1  liter  Pyrex  beakers.  Applicable  Meticulous  Cleaning  Procedures  were  used  during  their 
cleaning.  No  more  than  fifteen  D2512  specimens  were  put  into  any  one  beaker.  As  shown  in 
figure  80  up  to  four  beakers  with  specimens  could  be  simultaneous  run  through  an  ultrasonic 
cleaning  step.  Each  beaker’s  D2512  specimens  was  then  washed  after  filling  the  beaker  with  !4 
liter  of  the  previously  described  solution  of  TDW  and  Ivory  dish  soap  by  ultrasonicating  at  150°F 
for  5  minutes.  This  step  was  repeated  once  again.  Each  beaker’s  D2512  specimens  was  then 
rinsed  by  filling  the  beaker  with  %  liter  of  TDW  at  150°F  and  ultrsonicating  for  5  minutes.  This 
step  was  repeated  nine  additional  times.  During  these  cleaning  steps  a  clean  6  inch  Petri  dish 
was  placed  on  top  of  each  beaker.  This  was  done  to  reduce  the  possibility  of  contaminating  dust 
falling  into  the  beakers.  It  also  aided  in  stopping  any  D2512  specimens  from  being  entrained  out 
of  the  beaker  when  the  hot  cleaning  fluid  was  poured  out. 


Figure  80,  Ultrasonic  Washing  And  Rinsing 

When  the  twelve  ultrasonic  cleaning  steps  were  done,  the  Petri  dish  capped  beakers  with  D2512 
specimens  in  them  were  placed  in  the  glove  box.  Once  in  the  glove  box,  the  D2512  specimens 
were  transferred  into  clean  3  inch  Petri  dishes.  They  were  arrayed  in  the  bottom  half  of  the  Petri 
dishes  in  a  single  layer.  The  Petri  dish  tops  were  then  placed  on  the  dish  bottoms. 

To  uniformly  and  cleanly  dry  the  cleaned  D2512  specimens,  the  Vacuum  oven  shown  in  figure  42 
and  81  was  purchased.  When  it  arrived  from  the  vendor  it  was  scrubbed  out  with  IPA  saturated 
FC&N  cheese  cloths  and  baked  out  under  vacuum  at  300°F  for  72  hours.  Applicable  Meticulous 
Cleaning  Procedures  were  used  during  its  initial  cleaning.  When  not  being  used,  it  was 
continuously  flushed  with  DFN2.  This  flushing  prevented  dust  and  contaminating  oils  from  getting 
into  the  oven.  A  plastic  cover  was  also  placed  on  it  when  it  was  not  in  use  to  channel  the  nitrogen 
flow  and  reduce  contaminate  ingress  possibilities.  Prior  to  drying  any  set  of  D2512  specimens,  it 
was  scrubbed  out  with  IPA  saturated  FC&N  cheese  cloths  and  wiped  dry  with  FC&N  cloths. 
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The  Petri  dishes  containing  the  D2512  specimens  were  next  transferred  from  the  glove  box 
directly  into  the  Vacuum  oven  depicted  in  figure  81 .  Once  in  the  vacuum  oven,  the  D2512 
specimens  were  baked  at  125°C  under  a  low  grade  vacuum  for  36  hours.  When  this  drying  step 
was  completed  the  Petri  dishes  containing  the  D2512  specimens  were  next  transferred  directly 
back  into  the  glove  box  were  they  were  allowed  to  cool  to  room  temperature. 


Figure  81,  Vacuum  Elevated  Temperature  Drying 

Once  the  cleaned  and  dried  D2512  specimens  cooled  to  room  temperature  in  the  glove  box  they 
were  then  placed  and  sealed  into  the  3  inch  by  2  inch  precleaned  Aclar  bags.  Due  to  the  high 
cost  of  each  Aclar  bag  (roughly  2  dollars  apiece)  two  to  four  specimens  were  sealed  in  individual 
subsections  of  each  Aclar  bag  as  shown  in  figure  82.  These  Aclar  bagged  specimens  were  then 
transfered  from  the  main  glove  box  into  a  FC&N  Zip  lock  PE  bag  which  was  in  the  glove  boxes’ 
airlock.  The  Zip  lock  bag  was  then  purged  with  DFN2and  thermo  impulse  sealed. 

The  Zip  lock  bag  containing  the  D2512  specimens  was  wrapped  in  FC&N  bubble  pack  and  then 
placed  into  a  FC&N  1  gallon  paint  can.  The  1  gallon  paint  cans  had  been  cleaned  before  this  by 
being  scrubbed  with  I  PA  soaked  FC&N  cheese  cloths,  then  TDA  soaked  FC&N  cheese  cloths 
and  then  finally  dried  with  FC&N  cheese  cloths.  The  can  was  purged  with  DFN2and  sealed. 

The  four  particular  D2512  specimen  type  sets  generated  by  this  effort  were  shipped  to  NASA 
Johnson  Spaceflight  Center’s  White  Sands  Testing  Facilities  in  these  cans  for  D2512  Mechanical 
Impact  Ignition  testing.  A  sufficient  number  of  D2512  specimens  were  shipped  to  accomplish  the 
D2512  LOX  compatibility  test  requirement  of  20  impacted  in  LOX  at  72  Ft-Lbs  specimens  plus  an 
additional  3  to  4  specimens  for  impact  in  LN2at  72  Ft-Lbs  for  non-ignition-able  comparison  and  3 
to  4  “just  in  case”  spare  specimens. 
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Figure  82 -a,  Aclar  Bagged  D2512  Specimens:  5250-4  RTM  Neat  Resin 


Figure  82-b,  Aclar  Bagged  D2512  Specimens:  T650-35  Specimens 


179 


Experimental:  Thermal  Conductivity  Specimen  Fabrication  And  Testing 

To  obtain  an  exact  measure  of  the  thermal  conductivity  of  the  composites  created  by  this  effort 
required  the  fabrication  of  specimens  tailored  for  that  measurement.  This  measurement  was 
needed  to  determine  whether  or  not  the  estimated  range  of  thermal  conductivity  depicted  in  figure 
10,  which  a  composite  needed  to  exhibit  in  order  to  pass  D2512,  had  in  fact  been  achieved  using 
the  YSH  experimental  fibers. 

Measuring  the  thermal  conductivity  of  anything  at  or  near  the  cryogenic  temperatures  of  LOX  is 
very  difficult.  As  the  thermal  conductivity  of  a  material  is  derived  from, 

Thermal  Conductivity  (W/mK)  =  Thermal  Diffusivity(m2/sec)*Specific  Heat(J/kgK)*Density(Kg/m3). 

It  requires  that  the  material’s  density,  specific  heat  and  thermal  diffusivity  be  measurable  over  the 
desired  temperature  range.  Specific  heats  of  materials  are  routinely  measured  by  DSC  down  to 
these  and  lower  temperatures.  As  the  density  of  a  material  changes  very  little  over  a  wide  range 
of  temperatures,  the  density  at  room  temperature  can  be  used  for  all  calculations  of  a  material’s 
thermal  conductivity.  Measuring  thermal  diffusivity  at  or  as  close  as  possible  to  the  boiling  point 
of  LOX  requires  the  use  of  tailor  built  thermal  flash  diffusivity  equipment.  Fortunately  Dr.  Khairul 
Alam  of  Ohio  University,  Athens  Ohio  has  tailor  built  high  speed  Xenon  flash  thermal  diffusivity 
measurement  equipment  capable  of  measurements  down  to  -164°C.  Dr  Alam’s  device  requires, 
as  a  starting  point,  composite  specimens  which  are  slightly  larger  than  1  inch  on  a  side  cubes  for 
the  in-plane  x  and  y  axis  and  slightly  larger  than  1  inch  on  a  square  plates  for  the  z  axis  thermal 
diffusivity  measurement. 

Dr  Alam’s  flash  thermal  diffusivity  measurement  equipment  has  a  measurement  accuracy  of  plus 
or  minus  3  percent.  The  accuracy  of  his  DSC  measurements  of  the  specific  heat  are  plus  or 
minus  6  percent. 

From  discussions  with  Dr  Alam  during  mid  2003  the  A&PI  learned  the  following  concerning  the 
prediction  and  measurement  of  a  composite’s  thermal  conductivity.  According  to  Dr  Alam 
predicting  the  in-plane  thermal  conductivity  of  a  composite  is  simply  a  rule  of  mixtures  of  the  fiber 
and  the  matrix  by  their  Vf  and  Vr  with  the  added  variable  of  the  fiber’s  orientation.  This  orientation 
variance  of  the  fiber’s  thermal  conductivity  contribution  is  simply  the  sine  function  of  the  fiber’s 
orientation  with  the  maximum  fiber  thermal  conductivity  contribution  at  0°  (axial  thermal 
conductivity)  and  minimum  contribution  at  90°  (transverse  thermal  conductivity).  According  to  Dr 
Alam  predicting  the  transverse  or  out-of-plane  thermal  conductivity  of  a  composite  is  simply  a  rule 
of  mixtures  of  the  fiber’s  transverse  thermal  conductivity  and  the  matrix  by  their  Vf  and  Vr.  This 
rule  of  thumb  rule  of  mixtures  way  of  predicting  a  composite’s  thermal  conductivity  is  according  to 
Dr  Alam  accurate  to  within  single  percentage  points  of  the  true  measured  value. 

Fabricating  the  1  inch  specimen  composite  cubes  out  of  prepreg  was  ruled  out  by  the  A&PI  as 
being  probably  not  doable.  After  discussions  with  Dr  Alam  it  was  determined  that  simply  bonding 
a  stack  of  the  already  available  bleed  flow  composite  plates  would  suffice.  The  Vf  and  Vr  results 
would  be  within  roughly  10  percent  of  a  full  up  1  inch  cube  lay  up  composite  stack  if  the  nine  bond 
lines  between  the  plates  could  be  kept  to  standard  bond  line  thicknesses.  These  are  routinely 
around  5  mils;  roughly  equivalent  to  the  thickness  of  a  ply.  The  measured  in-plane  thermal 
conductivity  could  then  simply  be  scaled  up  to  the  Vf  and  Vr  of  the  D2512  LOX  compatibility 
specimens  already  fabricated  with  almost  no  effective  deviation  from  their  actual  values. 

Discussions  with  Dr  Greg  Schoeppner  during  the  same  time  period  determined  that  the  best 
material  to  bond  the  composite  plates  together  would  be  3M’s  AF191  with  a  0.085  psf  knit  carrier. 

As  the  bleed  flow  3  composite  plates  shown  in  figure  53  were  made  from  the  same  composite 
prepreg  material  as  the  specimen  composite  plates  out  of  which  the  D2512  specimens  had  been 
cored,  the  A&PI  cut  twelve  roughly  1  plus  inch  squares  out  of  their  remains  to  make  the  1  inch 
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thermal  conductivity  measurement  specimen  cubes  and  plates.  Figure  52  shows  the  locations  on 
these  plates  from  whence  the  1  plus  inch  plates  were  taken.  These  cut  out  1  plus  inch  square 
plates  were  then  sanded.  The  sanding  removed  the  loosely  attached  resin  coating  which  all  of 
the  composite  plates  made  by  this  effort  had  on  them.  The  sanding  also  made  the  surfaces  more 
uniformly  flat  so  as  to  allow  the  bond  line  material  the  best  chance  to  flow  and  achieve  the  5  mil 
or  less  desired  bond  line  thickness.  The  plates  were  then  cleaned  of  sanding  residue  by  an 
ultrasonic  wash  with  the  Ivory  soap  and  room  temperature  TDW  solution  previously  described 
followed  by  an  ultrasonic  rinse  in  room  temperature  TDW.  For  each  of  the  three  types  of 
composites  the  1  plus  inch  square  composite  plates  numbered  one  through  ten  in  figure  52  were 
then  stacked  up  with  sheets  of  the  AF1 91  between  them.  Figure  84  depicts  the  locations  on  the 
YSH50  bleed  flow  3  composite  plate  from  where  the  ten  1  plus  inch  plates  came  from  and  the 
uncured  stack  of  these  sanded  and  cleaned  plates  with  the  AF191  bond  line  material  between 
them. 

The  three  cubes  were  then  wrapped  in  bagging  material  using  one  bleeder  ply  wrapped  around 
the  four  edges  revealing  the  AF191  bond  line  material.  As  the  cubes  were  now  over  1  inch  tall 
and  had  relatively  sharp  edges  on  them  that  combination  might  tear  the  vacuum  bag.  To  over 
come  this  possibility  the  cubes  were  situated  inside  the  pockets  of  the  dam  structure  depicted  in 
figure  85  and  vacuum  bagging  was  completed.  The  AF191  bond  line  material  in  all  three  types  of 
composite  thermal  conductivity  cube  specimens  was  simultaneously  cured  using  an  onsite 
autoclave  by  the  cure  profile  depicted  in  figure  86.  After  being  cured  the  three  cubes  were 
removed  from  their  wrapping  and  vacuum  bagging  material.  As  can  be  seen  in  figure  87  the 
AF191bond  line  material  did  flow. 

The  three  composite  thermal  conductivity  cube  specimens  were  c-scanned  to  determine  the 
uniformity  of  the  overall  bonded  material  and  determine  if  large  voids  in  the  bond  lines  or  large 
delaminations  in  the  constituent  composite  plates  had  occurred.  Figure  88  shows  the  results  of 
the  c-scans.  They  indicate  that  good  uniform  bonded  composite  cube  specimens  with  no  voids  or 
delaminations  had  been  made. 

One  of  the  four  edges  revealing  the  AF191  bond  line  material  of  each  of  the  three  composite 
thermal  conductivity  cube  specimens  was  polished.  Micrographs,  taken  at  200X  with  the 
microscope  indicated  in  figure  54,  were  made  of  them.  Figure  89  shows  micrographs  of  each  of 
these  polished  and  examined  surfaces.  These  micrographs  indicated  that  there  were  no  large 
void  pockets  in  the  bond  line  AF191  material,  that  the  bond  line  material  did  form  a  good  bond  to 
the  composite  plates  and  that  the  bond  line  material  did  flow  to  some  degree  forming  the  desired 
fillets  representative  of  a  good  bond  at  the  edges  of  the  cubes.  Unfortunately  they  also  indicate 
that  the  bond  line  AF191  material  did  not  flow  to  a  sufficient  degree  to  make  the  desired  thin  bond 
lines.  Comparing  the  thickness  of  the  bond  lines  to  the  thickness  of  the  plies  in  the  adjacent 
composite  plates  the  bond  lines  were  at  least  1 1  and  possibly  as  much  as  14  mils  thick.  This  was 
probably  the  result  of  the  damming  material  shown  in  figure  85  being  pushed  up  against  the 
cubes  during  their  cure  and  preventing  the  squeezing  out  of  the  bond  line  material  during  the 
cure.  The  micrographs  also  revealed  that  this  one  thermal  cycling  caused  in-plane  in  ply  cracks 
in  the  two  composite  cubes  made  from  the  YSH  experimental  fibers.  This  substantiates  the 
observation  from  the  fabrication  section  that  the  interface  between  the  YSH  fibers  and  the  5250-4 
RTM  was  minimal  at  best. 

Unfortunately  this  set  of  cubes  was  the  A&PI’s  second  attempt  to  generate  the  thermal 
conductivity  cube  specimens  having  used  up  the  available  material  from  bleed  flow  1  plate  in  an 
initial  failed  attempt.  Discussions  with  Dr  Alam  indicated  that  these  specimens  would  probably 
suffice  and  so  a  third  attempt  with  the  last  remaining  bleed  flow  2  composite  plates  was  held  off 
and  reserved  for  a  last  ditch  effort  if  the  cubes  failed  during  thermal  diffusivity  measurement  at  the 
desired  cryogenic  temperatures. 
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The  three  composite  thermal  conductivity  cube  specimens,  along  with  two  1  plus  inch  square 
composite  plates  numbered  1 1  and  12  (See  figure  52)  from  the  three  types  of  bleed  flow  3 
composite  plates  and  one  smaller  specimen  from  each  of  the  three  plates  labeled  “SH”  for 
specific  heat  (See  figure  52  again)  were  shipped  to  Dr  Alam  for  thermal  conductivity 
measurement.  The  cubes  would  be  used  to  measure  the  in-plane  x  and  y  axis  thermal  diffusivity 
of  the  three  types  composites.  The  square  plates  would  be  used  to  measure  the  transverse  z 
axis  thermal  diffusivity  of  the  three  types  composites.  The  smaller  SH  specimens  would  be  used 
to  measure  the  specific  heats  of  the  three  types  of  composites.  The  specific  heats  and  the  x  axis 
thermal  diffusivity  were  to  be  measured  at -164,  -162,  -157,  -151,  -146,  -136,  -126,  -100,  -50,  1, 
25,  50,  101,  150,  and  204°C.  The  y  axis  thermal  diffusivities  were  to  be  measured  at  25,  50,  101, 
150,  and  204°C.  The  z  axis  thermal  diffusivities  were  to  be  measured  at  -162,  -157,  -151,  -146,  - 
136,  -126,  -100,  -50,  1, 25,  50,  101,  150,  and  204°C.  If  the  x  and  the  y  axis  thermal  diffusivities 
differed  on  average  by  more  than  5  percent  at  the  same  measured  temperature  then  the  y  axis 
thermal  diffusivity  would  be  measured  and  reported  at  all  of  the  remaining  x  axis  temperatures. 


oH 


^13^6’ 


Figure  84,  X  and  Y  Axis  Thermal  Conductivity  Measurement  Specimen  Assembly 
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Figure  85,  Thermal  Conductivity  Specimen  Vacuum  Bag  Tear  Prevention  Damming 


Figure  86,  Thermal  Conductivity  Measurement  Cube  Cubes  AF191  Bond  Line  Cure  Profile 
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Figure  87,  X  and  Y  Axis  Cured  Thermal  Conductivity  Measurement  Cube  Specimens 


Micrographed  Edges 


T650  17.5  Db  YSH50  25.5  Db  YSH60  26.5  Db 
Flow  Panel  3 

Axial  Thermal  Conductivity  Specimen  C  Scans 
C  Scan  Transmission 

RHGerzeski  1/04 

Figure  88,  Thermal  Conductivity  Cube  Specimen  C  Scans 


184 


Figure  89-a,  Thermal  Conductivity  Specimen  Micrographs:  Bond  line  And  Adjacent  Composite 
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T650-35  /  5250-4  RTM  -  AF191 
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Figure  89-b,  Thermal  Conductivity  Specimen  Micrographs:  Bond  line  And  Adjacent  Compo 
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Figure  89-c,  Thermal  Conductivity  Specimen  Micrographs:  Bond  line  And  Adjacent  Compo 


Dr  Alam’s  initial  efforts  to  measure  the  x  and  y  axis  thermal  diffusivities  of  the  three  composite 
cube  specimens  sent  to  him  were  unsuccessful.  The  thermal  diffusivity  of  all  of  the  specimens 
was  too  low  for  a  sufficiently  strong  temperature  rise  signal  to  get  through  the  1  inch  cube 
specimens  and  be  accurately  detected  by  his  flash  diffusivity  equipment.  To  overcome  this  Dr 
Alam  cut  the  cubes  into  the  smaller  thickness  specimens  shown  in  figure  90. 


The  small  roughly  %  inch  by  %  inch  by  1  inch  tall  residual  cube  shown  in  figure  90  remaining  after 
Dr  Alam’s  fabricated  usable  thermal  diffusivity  specimens  from  the  three  original  1  inch  cubes 
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were  sent  back  to  the  A&PI  for  density,  Vf,  Vr  and  Vv  measurements.  These  smaller  cubes  were 
further  cut  by  the  A&PI  into  three  additional  pieces.  The  density,  Vf,  Vr  and  Vv  of  these  three 
pieces  for  each  of  the  three  types  of  bleed  flow  3  x  and  y  axis  thermal  conductivity  specimen 
composite  cubes  was  measured.  The  Archimedes  principle  was  used  to  measure  the  density  and 
an  acid  digestion  technique  was  used  to  measure  the  volume  values.  The  results  are  listed  in 
table  22.  The  density,  Vf,  Vr  and  Vv  of  the  three  types  of  bleed  flow  3  z  axis  thermal  conductivity 
specimen  composite  square  plates  are  the  same  as  those  reported  in  table  19.  These  values 
were  reported  back  to  Dr  Alam  so  that  he  could  complete  his  calculations  of  the  three  types  of 
composite  specimen’s  three  different  axial  thermal  conductivities. 

Table  22,  Thermal  Conductivity  Specimens  Physical  Properties: 


X  and  Y  Axis:  Material: 

T650-35  / 

YSH50A / 

YSH60A / 

5250-4  RTM 

5250-4  RTM 

5250-4  RTM 

Property:  Density: 

Avg: 

1.5571 

1 .7257 

1.7346 

(gms/cc) 

Max: 

1 .5579 

1.7279 

1.7351 

Min: 

1 .5566 

1.7230 

1 .7343 

Std: 

0.0007 

0.0025 

0.0005 

Property:  Fiber  Volume: 

Avg: 

60.5294 

57.0439 

56.6460 

(%) 

Max: 

60.5865 

57.2405 

56.8022 

Min: 

60.4136 

56.8210 

56.4922 

Std: 

0.0796 

0.1814 

0.1310 

Property:  Resin  Content: 

Avg: 

38.4783 

41.9564 

42.4362 

(%) 

Max: 

38.8066 

42.3421 

42.9577 

Min: 

38.1681 

41.5708 

41.9051 

Std: 

0.1960 

0.2314 

0.3122 

Property:  Void  Volume: 

Avg: 

0.9923 

0.9996 

0.9177 

(%) 

Max: 

1.2669 

1.3022 

1 .2927 

Min: 

0.7523 

0.7268 

0.5501 

Std: 

0.1774 

0.1945 

0.2237 

Z  Axis  Physical  Properties  Are  Those  of  Bleed  Flow  Plate  3: 

Experimental:  D2512  Load  Versus  Time  Plots 

Circa  the  early  2000s  no  effort  had  been  reported  which  measured  the  actual  load  versus  time 
curves  exhibited  by  D2512  specimens  as  they  were  being  impacted  in  the  standard  D2512 
apparatus  depicted  in  figure  5.  To  remedy  this,  the  Air  Force  funded  an  effort  by  the  University  of 
Dayton  Research  Institute  to  develop  an  instrumented  D2512  impacter.  The  core  goal  of  this 
effort  was  to  take  D2512  type  Load  versus  time  impact  data  on  various  types  of  materials  at 
initially  LN2  and  ambient  temperatures  and  eventually  LOX.  The  contract  PI  for  this  effort  was  Dr 
William  Lee  and  the  chief  technician  was  Mr  John  Camping.  By  late  2003  they  had  successfully 
designed,  built,  instrumented,  and  set  up  the  impacter  equipment  and  were  collecting  data.  In 
April  2004  the  A&PI  was  invited  to  collect  load  versus  time  plots  on  the  D2512  specimens 
generated  by  this  report’s  efforts. 

Fifteen  specimens  in  all  were  provided  by  the  A&PI.  They  were  impacted  at  various  conditions 
and  the  instrumented  load  versus  time  data  for  the  first  impact  bounce  were  collected.  Any  single 
specimen’s  impacted  test  in  the  D2512  apparatus  almost  always  involves  numerous  bounces  of 
the  plummet  and  subsequently  numerous  impact  loads  by  the  indenting  D2512  striker  pin  shown 
in  figure  5.  The  instrumented  equipment  developed  could  only  collect  data  on  the  first  of  these 
impacting  bounces.  Of  the  tested  specimens,  eight  were  impacted  at  conditions  directly  relevant 
to  this  reported  effort’s  interests  and  the  D2512  testing  conditions.  These  specimens  were  not 
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progressed  past  the  sanding  and  beveling  point  on  towards  fully  cleaned  and  packaged  D2512 
specimens.  Two  of  each  type  of  D2512  specimen  cored  from  the  four  types  of  specimen  plates 
generated  for  this  effort  were  tested  at  72  Ft-Lb  impact  in  LN2and  the  load  versus  time  plots  were 
collected. 


Figure  90,  Final  Thermal  Conductivity  Measurement  Specimens  Orientation 
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Results  Section:  D2512  LOX  Compatibility  Tests 

Table  23  lists  the  results  of  the  D2512  Mechanical  Impact  tests  conducted  by  NASA  White  Sands 
Test  Facility  at  72  Ft-Lbs  in  ambient  pressure  LOX  on  the  four  sets  of  prepared  specimens.  The 
results  indicated  that  both  of  the  experimental  YSH  fibers  improved  the  D2512  LOX  compatibility 
of  their  respective  composites  by  seventeen  hundred  percent  over  the  baseline  T650-35  fiber 
reinforced  composite’s  D2512  LOX  compatibility.  Also  only  the  flash  type  of  reaction  was 
detected  for  the  YSH  fibered  specimens,  where  as,  flash,  char  and  noise  types  of  reactions  where 
detected  for  the  T650-35  fibered  specimens.  This  implies  that  the  ignition  events  (See  Table  7)  of 
reaction  indicating  YSH  fibered  composites  did  not  progress  as  far  as  those  in  T650-35  fibered 
specimens.  Also  the  one  hundred  percent  D2512  ignition  rate  exhibited  by  the  5250-4  RTM  neat 
resin  specimens  implies  that  the  seventeen  hundred  percent  improvement  in  the  YSH  fiber 
reinforced  5250-4  RTM  matrix  composite’s  D2512  LOX  compatibility  over  that  exhibited  by  the 
T650-35  fiber  reinforced  5250-4  RTM  matrix  composite  specimens  is  directly  attributable  to  the 
use  of  these  moderately,  thermally  conductive,  primarily  graphite  YSH  type  fibers. 

Results  Section:  Contaminated  D2512  LOX  Compatibility  Test  Specimen  Rejection 

In  spite  of  the  extreme  use  of  meticulous  cleaning  procedures  and  clean  specimen  preparation 
and  handling  techniques  one  of  the  eighty  tested  in  LOX  specimens  was  inadvertently  tested  in  a 
contaminated  condition.  Sample  12  of  the  prepared  5250-4  RTM  neat  resin  specimen  was 
determined  to  have  been  D2512  tested  in  a  contaminated  condition.  Since  contaminates 
severely  skew  LOX  compatibility  test  results  it  was  rejected  and  its’  results  were  also  removed 
from  the  final  tabulations,  examinations,  depictions  and  basis  of  interpretation.  This 
determination  was  based  on  the  very  harsh  and  extreme  magnitude  of  the  mechanical  impact 
initiated  ignition  reaction  results  exhibited  by  Sample  12’s  residuals  as  compared  to  the  residuals 
of  all  other  reaction  indicating  tested  specimens. 

Figure  91  and  figures  R1I,  R9I,  and  R17I  in  the  residuals  appendix  depict  sample  12’s  returned 
residuals.  The  images  in  figures  91,  R9I  and  R17I  were  taken  at  a  magnification  of  somewhere 
between  XI 0  and  XI 6  using  the  XI 0-1 6  technique  depicted  in  figure  54.  Many  final  results,  only 
seen  in  this  sample’s  residuals,  are  depicted  in  these  figures.  Sample  12’s  returned  residual  304 
stainless  steel  support  disc  was  the  only  returned  disc  exhibiting  a  melted  and  gouged  out  flow 
streak  in  its  surface.  Sample  12’s  returned  residual  5052  aluminum  cup  was  the  only  returned 
cup  exhibiting  either  impaled  or  melted  and  refrozen  metal  particles  adhering  to  its  inner  walls 
and  bottom  surface.  Sample  12’s  returned  5250-4  RTM  residual  specimen  pieces  were  the  only 
containing  scalloped  out  and  melted  and  refrozen  metal  flakes. 

The  types  of  residuals  resulting  from  Sample  12’s  testing  indicate  that  a  very  high  temperature 
and  high  pressure  pulse  generating  ignition  reaction  had  occurred  near  the  disc’s  surface.  This 
pulse  melted  out  or  scalloped  out  a  jet  or  flow  of  metal  from  the  disc’s  surface.  This  jet  of 
scalloped  out,  melted  metal  flakes  were  thrust  into  the  wall  of  the  LOX  containing  cup  where 
some  of  them  remained.  Those  metal  flakes  that  were  not  impaled  into  the  cup’s  wall  or  blown 
out  of  the  D2512  testing  apparatus,  cooled  and  formed  obviously  refrozen  flakes  admixed  in  with 
the  shattered  remains  of  the  5250-4  RTM  specimen.  This  high  temperature  and  pressure  pulse 
could  only  have  been  generated  by  some  type  of  contaminating  material  which  exhibited  a  very 
low  radical  chain  scission  degradation  temperature,  a  very  low  ignition  temperature,  a  metal 
catalyzed  peroxide  oxidation  of  the  degraded  material  and  achieved  a  full  sustained  combustion 
ignition.  Since  none  of  the  other  19  D2512  tested  neat  resin  specimens  generated  residuals  even 
remotely  looking  like  this,  residuals  like  sample  12’s  could  only  have  been  generated  by  the 
ignition  of  some  extraneous  contaminating  material  like  fingerprint  oil  or  a  hair  follicle  or  some 
flammable  solvent. 
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Table  23,  D2512  LOX  Compatibility  Test  Results: 

Material: 

5250-4  RTM  Neat  Resin 

T650-35  /  5250-4  RTM 

Sample 

Result: 

Reaction  Type: 

Result: 

Reaction  Type 

1 

Reaction 

FCN 

Reaction 

FCN 

2 

Reaction 

FCN 

Reaction 

FCN 

3 

Reaction 

FCN 

Reaction 

FCN 

4 

Reaction 

FCN 

Reaction 

FCN 

5 

Reaction 

FCN 

Reaction 

FCN 

6 

Reaction 

FCN 

Reaction 

FCN 

7 

Reaction 

FCN 

Reaction 

FCN 

8 

Reaction 

FCN 

Reaction 

FCN 

9 

Reaction 

FCN 

Reaction 

FCN 

10 

Reaction 

FCN 

No  Reaction 

11 

Reaction 

FCN 

Reaction 

FCN 

12 

Rejected  Due  To  Contamination 

Reaction 

FCN 

13 

Reaction 

FCN 

Reaction 

FCN 

14 

Reaction 

FCN 

Reaction 

FCN 

15 

Reaction 

FCN 

Reaction 

FCN 

16 

Reaction 

FCN 

Reaction 

FCN 

17 

Reaction 

FCN 

Reaction 

FCN 

18 

Reaction 

FCN 

Reaction 

FCN 

19 

Reaction 

FCN 

Reaction 

FCN 

20 

Reaction 

FCN 

Reaction 

FCN 

Reactions/Impacts 

Reactions/Impacts 

Overall: 

19/19 

FCN 

19/20 

FCN 

Material: 

YSH50A  /  5250-4  RTM 

YSH60A  /  5250-4  RTM 

Sample 

Result: 

Reaction  Type: 

Result: 

Reaction  Type 

1 

No  Reaction 

No  Reaction 

2 

No  Reaction 

No  Reaction 

3 

No  Reaction 

No  Reaction 

4 

No  Reaction 

Reaction 

F 

5 

No  Reaction 

No  Reaction 

6 

Reaction 

F 

No  Reaction 

7 

No  Reaction 

No  Reaction 

8 

No  Reaction 

No  Reaction 

9 

No  Reaction 

No  Reaction 

10 

No  Reaction 

No  Reaction 

11 

No  Reaction 

No  Reaction 

12 

No  Reaction 

No  Reaction 

13 

No  Reaction 

Reaction 

F 

14 

Reaction 

F 

No  Reaction 

15 

No  Reaction 

No  Reaction 

16 

No  Reaction 

No  Reaction 

17 

No  Reaction 

No  Reaction 

18 

No  Reaction 

No  Reaction 

19 

No  Reaction 

No  Reaction 

20 

No  Reaction 

No  Reaction 

Reactions/Impacts 

Reactions/Impacts 

Overall: 

2/20 

F 

2/20 

F 

Reaction  Type:  F:  Flash  C:  Char  N:  Noise 
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Figure  91 -a,  Rejected  Due  To  Contamination  D2512  Specimen:  Cup  and  Disc  Residuals 
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Figure  91-b,  Rejected  Due  To  Contamination  D2512  Specimen:  Powder  Residuals 
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Results  Section:  Thermal  Conductivity  Tests 

Figure  92  graphically  depicts  the  various  axial  thermal  conductivities  as  measured  by  Dr  Alam  of 
the  three  types  of  composites  listed  in  table  22. 
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Figure  92-b,  Composite  Thermal  Conductivity:  Z  Axis 
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To  determine  the  thermal  conductivities  at  LOX’s  boiling  point  and  the  Vf  listed  in  table  21  of  the 
three  types  of  D2512  tested  composite  specimens,  Dr  Alam’s  rule  of  thumbs  mixture  approach 
and  a  linear  regression  extrapolation  for  the  x  and  y  axis  measured  thermal  conductivity  to  LOX’s 
boiling  point  was  used.  The  linear  regression  extrapolation  was  based  on  the  last  seven,  lowest 
temperature  data  points  in  figure  92-A  for  each  of  the  three  separate  composite  types.  Table  24 
lists  these  extrapolated  and  scaled  thermal  conductivities.  The  x  and  y  axis  extrapolated  and 
scaled  thermal  conductivities  of  the  YSH  fiber  reinforced  composites  are  roughly  twenty-three 
hundred  and  twenty-six  hundred  percent  greater  than  the  T650-35  fiber  reinforced  composites. 

An  examination  of  figure  92-B  indicates  that  the  z  axis  thermal  conductivity  for  the  three 
composites  are  as  listed  in  Table  24.  The  z  axis  thermal  conductivities  of  the  YSH  fiber 
reinforced  composites  are  roughly  two  hundred  percent  greater  than  that  of  the  T650-35  fiber 
reinforced  composites. 

Table  24,  Thermal  Conductivity  At  LOX’s  Boiling  Point 
X  and  Y  Axis: 

Material:  T650-35  /  5250-4  RTM  YSH50A  /  5250-4  RTM 
K  At  LOX’s  BP:  1.34  31.22 

(W/mK)  (Measured  And  Scaled  To  63.7%  FV) 

Z  Axis: 

Material:  T650-35  /  5250-4  RTM  YSH50A  /  5250-4  RTM 
K  At  LOX’s  BP:  -0.55  -1.60 

(W/mK)  (Rough  Estimate  From  Figure  92-B) 

Results  Section:  Fractography 

Upon  receipt  of  the  residuals  of  the  four  D2512  tested  types  of  materials  back  from  White  Sands 
Test  Facility  in  early  2004  the  A&PI  began  an  exhaustive  fifteen  month  effort  to  examine  and 
document  the  fracture  surfaces  of  these  residuals.  This  fractography  effort  was  essential  to 
finally  acquiring  images  of  the  fracture  surfaces  of  D2512  tested  specimens  since  like  images  had 
never  before  been  published. 

All  of  the  images  reported  in  this  Fractography  subsection  and  also  most  of  those  depicted  in  the 
Residuals  Appendix  were  taken  with  the  XI 0-1 6  image  magnification  and  digital  picture  capture 
technique  shown  in  figure  54.  As  figure  54’s  XI 0-1 6  system  was  incapable  of  incorporating  a 
length  scale  into  the  magnified  images  the  same  specimen  residual  clamping  and  holding 
technique  tool  used  through  out  the  fractography  sub  effort  was  dimensioned.  The  dimensions 
of  this  tool  are  shown  in  figure  93.  As  this  tool  appears  in  many  of  the  residual  specimen  images 
it  can  give  the  reader  a  rough  estimate  of  feature  lengths. 

A  thorough  examination  of  the  returned  specimen  residuals  found  that  any  specific  residual  item 
could  be  grouped  into  four  major  categories.  The  residual  item  originated  from  either  outside  of 
the  area  of  the  specimen  contacted  by  the  D2512  striker-impacter,  under  the  area  contacted  by 
the  impacter,  a  powder  of  the  finely  crushed  original  specimen  or  the  result  of  an  interaction 
between  a  specimen  residual  and  the  cup. 

Results  Section:  Fractography:  Impacter  External 

Additional  examination  of  the  specimen  residuals  originating  from  outside  of  the  impacter- 
specimen  contacting  area  found  that  they  could  be  further  grouped  into  these  seven 
subcategories:  ring  shaped  cracks,  transverse  and  in  plane  cracks,  knob  like  extreme  cone 
cracks,  straight  cracks,  kinetic  friction  induced  abrasion,  intense  heat  exposure  and  tensile  hoop 
failure.  The  determination  that  these  residuals  originated  from  outside  of  the  impacter  was  based 
upon  their  possessing  a  portion  of  the  original  specimen’s  cylindrical  edge. 
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Figure  93-b,  Specimen  residual  clamping  and  holding  tool  dimension:  Thickness 


195 


Figures  94  thru  97  show  examples  of  the  ring  shaped  cracks  found  in  many  of  the  returned 
residuals.  In  many  residuals  a  series  of  ring  shaped  cracks  are  seen  stacked  across  what  was 
the  original  specimen’s  surface  or  stacked  downwards  at  various  plies  thru  the  original 
specimen’s  surface.  These  ring  cracks  routinely  plunge  straight  downward  normal  to  the  original 
specimen’s  surface  or  to  a  ply.  In  the  composite  specimens  these  ring  shaped  cracks  had  sub 
segments  which  were  “straighter”  giving  the  crack  a  slightly  octagonal  shape.  Overall  these  ring 
shape  cracks  and  their  location  on  the  original  specimens  is  analogous  to  the  Hertzian  ring  cracks 
described  in  the  Theory  Section:  Hertzian  Fracture. 

Figures  98  thru  101  show  examples  of  transverse  and  in  plane  cracks  found  in  many  of  the 
returned  residuals.  In  many  residuals  a  series  of  these  transverse  and  in  plane  cracks  are  seen 
stacked  on  top  of  each  other  progressing  downwards  thru  the  original  specimen’s  thickness. 
These  transverse  and  in  plane  cracks  always  start  at  the  bottom  edge  of  the  previously  described 
ring  cracks  and  then  follow  one  of  three  distinct  paths.  Almost  all  of  the  transverse  and  in  plane 
cracks  found  in  the  neat  resins  initially  progress  at  an  angle  in  a  direction  straight  downwards 
through  the  thickness  of  the  specimen.  Some  continue  along  this  path  until  they  terminate. 
Others  deviate  from  this  and  curl  in  an  arc  back  in  a  direction  which  would  cause  them  to 
terminate  in  a  region  of  the  original  specimen  that  would  have  been  under  the  impacter.  For  the 
residuals  which  came  from  the  composite  specimens  the  transverse  and  in  plane  cracks  initially 
progress  at  an  angle  in  a  direction  straight  downwards  thru  the  thickness  of  the  specimen.  They 
progress  on  this  downward  path  for  the  thickness  of  only  a  very  few  plys.  They  then 
and  progress  parallel  to  the  fiber  reinforcement  outwards  towards  the  original  specimen’s  edge. 
These  outward  ranging  transverse  cracks  occur  both  along  a  ply  to  ply  interface  and  through  the 
interior  thickness  of  an  individual  ply.  Overall  these  transverse  and  in  plane  cracks  and  their 
location  on  the  original  specimens  is  analogous  to  the  Hertzian  cone  cracks  described  in  the 
Theory  Section:  Hertzian  Fracture.  The  transverse  ranging  along  the  reinforcements  of  these 
cracks  are  the  result  of  the  Hertzian  cone  crack’s  propagation  direction  being  normal  to  the 
material’s  weakest  tensile  vector.  For  composites  the  weakest  tensile  properties  are  transverse 
to  the  reinforcements. 

Figures  102  thru  105  show  examples  of  the  knob  shapes  found  on  many  of  the  returned 
residuals.  These  knobs  look  to  be  a  series  stacked  combination  of  an  extreme  version  of  the 
above  Hertzian  cone  crack  followed  by  a  typical  cone  crack  stacked  closer  to  the  original 
specimen’s  center.  The  knobs  found  on  the  specimens  impacted  in  LN2  were  usually  larger  and 
more  prominent  than  those  found  on  specimens  impacted  in  LOX.  Overall  the  outer  extreme 
cone  crack’s  shape  and  their  location  on  the  original  specimens  is  analogous  to  the  negative 
surface  which  Conchoidal  flakes  leave  behind  in  an  impacted  or  indented  material  as  described  in 
the  Theory  Section:  Hertzian  Fracture.  In  essence  the  outer  fracture  crack  surface  is  an  extreme 
Hertzian  cone  crack  and  a  negative  resulting  from  the  evolution  of  a  conchoidal  flake  from  the 
specimen  and  the  stacking  of  it  with  another  typical  Hertzian  cone  crack  creates  the  knob 
structures. 

Figures  106  thru  109  show  examples  of  the  straight  shaped  cracks  found  in  many  of  the  returned 
residuals.  These  straight  cracks  exhibit  a  combination  of  the  simpler  features  of  the  Hertzian  ring 
and  cone  cracks:  they  plunge  straight  downward  normal  to  the  original  specimen’s  surface  and 
then  progress  at  an  angle  in  a  straight  direction  downwards  thru  the  thickness  of  the  specimen 
until  they  terminate.  They  also  stack  up  one  on  another  with  the  first  starting  at  the  original 
specimen’s  surface  and  then  a  series  of  new  straight  cracks  develop  through  the  thickness.  For 
the  composite  residuals  exhibiting  these  straight  cracks  they  always  occur  at  the  outer  edges  of 
the  residuals  and  flow  out  from  the  more  centrally  occurring  Hertzian  ring  and  cone  cracks. 

Overall  these  straight  shape  cracks  and  their  location  on  the  original  specimens  is  analogous  to 
the  flare  cracks  coming  off  of  Hertzian  cone  cracks  developed  in  a  specimen  which  slid  relative  to 
the  impacter  as  described  in  the  Theory  Section:  Hertzian  Fracture. 

Figures  110  thru  113  show  examples  of  the  signs  of  abrasion  found  on  many  of  the  returned 
residuals.  The  presence  of  oriented  flakes  consisting  of  the  neat  resin  on  the  neat  resin  residual 
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samples  are  classic  indicator  products  of  past  light  to  moderate  kinetic  friction  abrasion.  The 
appearance  of  smooth  gentle  contour  changing  surfaces  on  the  various  composite’s  residuals 
where  their  should  be  jagged  fracture  surfaces,  with  or  without  light  or  heavy  traces  of  particulate 
residue,  are  another  classic  indicator  that  light  to  moderate  kinetic  friction  had  abrasion 
normalized  the  surface  profile.  These  smooth  gentle  contour  changing  surfaces  give  the  same 
appearance  under  XI 0-1 6  magnification  as  the  beveled  edges  that  the  A&PI  put  onto  the 
specimens  for  burr  removal.  Overall  these  traces  of  abrasion  indicate  that  kinetic  friction 
movement  occurred  between  some  of  the  residuals  and  some  other  portion  or  residual  of  the 
original  specimen. 

Figures  114  thru  117  show  examples  of  the  signs  of  intense  heat  or  high  temperature  exposure 
found  on  many  of  the  returned  residuals.  A  pebbled  and  pock  marked  surface  of  spherical 
nodules  with  spherical  craters  and  or  a  refrozen  smear,  sometimes  in  the  shape  of  a  feathered 
extrusion,  are  the  classic  signs  of  a  polymeric  material  that  has  been  exposed  to  intense  heat  or 
high  temperature.  These  signs  were  always  located  adjacent  to  signs  of  abrasion  on  the 
residuals  exhibiting  them.  As  described  in  the  Theory  Section:  Kinetic  Friction  heavy  kinetic 
friction  abrasion  can  produce  the  intense  heat  and  correspondingly  high  temperatures  which 
create  many  of  these  features.  This  caused  portions  of  the  residuals  to  become  a  degraded 
“melt”  which  was  then  either  smeared  and  rapidly  “refrozen  or  resolidified”  or  was  not  smeared 
and  had  time  to  form  partial  spheres  and  spherical  craters. 

Figures  118  thru  121  show  examples  of  tensile  hoop  failure  in  the  returned  residuals.  All  of  the 
composite  residuals  exhibit  a  combination  of  a  tensile  failure  and  an  in  towards  the  center  of  the 
original  specimen  bending  of  the  fibers.  These  tensile  hoop  failures  always  occur  at  the  outer 
wing  edge  of  the  residual.  The  neat  resin  residuals  all  exhibit  the  classic  flat  and  usually  clean 
tensile  fractures  characteristics  of  a  brittle  material  failing  in  tension.  They  too  always  occur  at 
the  outer  edges  of  the  residual.  This  type  of  failure  would  occur  if  the  original  specimen  was 
being  compression  loaded  in  the  general  location  of  its  center  causing  was  left  of,  or  remaining  in, 
the  center  region  under  the  impacter  to  press  outward.  Essentially  this  tensile  hoop  failure  is 
basically  identical  to  the  rupture  failure  of  an  over  pressurized  vessel. 

Figure  1 18-a-iv  provides  an  important  clue  as  to  the  relative  timing  of  all  of  the  above  described 
failure  types  and  phenomenon.  It  depicts  stacked  Hertzian  ring  and  cone  cracks  with  an 
incomplete  tensile  failure  progressing  through  them.  This  indicates  that  the  tensile  hoop  failure 
occurs  last  in  the  previously  listed  sequence  of  failure  types  and  phenomenon. 

Many  of  the  neat  resin  residuals  in  figures  94,  98,  102,  106,  110  and  114  exhibit  an  arc  or  arc-like 
tensile  failures  on  the  side  of  the  residual  which  would  have  been  closest  to  the  center  of  the 
original  specimen.  The  Hertzian  fracture  mechanism  described  in  the  Theory  Section:  Hertzian 
Fracture,  indicates  that  these  arc-like  tensile  failures  are  vent  cracks.  They  locate  the  side  of  the 
residual  opposite  to  the  impacter’s  point  of  contact  on  the  original  specimen. 

Results  Section:  Fractography:  Under  The  Impacter 

Further  examination  of  the  larger  specimen  residuals  originating  from  under  the  impacter  and 
specimen  contacting  area  found  that  they  could  be  further  assigned  to  these  six  subcategories: 
crescents  and  arcs,  knobs,  straight  sided,  kinetic  friction  induced  abrasion,  intense  heat 
exposure,  and  surface  effects.  These  residuals  were  determined  to  have  originated  from  under 
the  impacter  by  the  lack  of  the  existence  of  a  portion  of  the  original  specimen’s  cylindrical  edge 
or,  in  the  case  of  the  straight  sided  residuals,  by  the  length  of  the  residual  relative  to  the 
remaining  original  specimen’s  edge. 

As  no  large  neat  resin  residuals  were  returned  which  exhibited  the  characteristics  of  having  come 
from  some  location  on  the  original  specimen  located  under  the  impacter,  no  figures  of  the  fracture 
effects  and  phenomenon  can  be  provided  in  this  sub  section. 
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Figures  122  thru  124  show  examples  of  crescent  and  arc  shaped  returned  residuals.  The 
crescent  shaped  residuals  are  found  in  a  multitude  of  thicknesses  and  widths  but  all  have  the 
appearance  of  being  made  by  a  series  of  Hertzian  cone  cracks.  As  previously  described  in  the 
Theory  Section  Hertzian  Fracture,  they  are  the  crescent  shapes  produced  in  the  area  of  a 
material  under  an  indenter  which  has  been  slid  over  it.  The  arc  shaped  residuals  represent  the 
last  of  the  Hertzian  cone  cracks  generated  when  the  specimen  stopped  sliding  due  the  restricted 
room  available  in  the  cup  (see  figure  5)  for  the  original  specimen  to  move  through.  Their 
existence  indicates  that  kinetic  friction  sliding  occurred  between  the  impacter  and  the  specimen 
during  the  D5212  testing. 

Figures  125  thru  127  show  examples  of  Knobs  on  the  returned  residuals.  These  residuals 
usually  exhibit  a  long  sloping  fracture  surface  which  moves  towards  the  original  specimen’s 
surface.  These  sloping  cracks  are  the  extreme  cone  or  conchoidal  cracks  described  in  the 
Theory  Section  Hertzian  Fracture.  These  knobbed  residuals  are  a  stacked  in  series  combination 
of  a  standard  Hertzian  cone  crack  and  an  extreme  Hertzian  cone  crack.  Both  being  created  as 
the  original  specimen  slid  under  the  impacter  during  the  D2512  test.  The  knobs  formed  on  the 
residuals  impacted  in  LN2  were  usually  larger  and  more  prominent  than  those  found  on  residuals 
impacted  in  LOX. 

Figures  128  thru  130  show  examples  of  straight  sided  returned  residuals.  Most  of  these  straight 
sided  residuals  exhibit  a  portion  of  the  outer  edge  of  the  original  specimen  and  they  are  also 
usually  of  a  length  that  is  a  substantial  portion  of  the  original  specimen’s  diameter.  They  are 
created  by  a  stacked  series  of  the  straight  flare  cracks,  described  in  the  Theory  Section:  Hertzian 
Fracture,  originating  in  the  original  specimen  under  the  impacter  and  progressing  outwards 
towards  the  specimen’s  edge  as  it  slid  during  the  D2512  testing. 

Figures  131  thru  133  show  examples  of  the  signs  of  abrasion  found  on  many  of  the  returned 
residuals.  The  appearance  of  smooth  gentle  contour  changing  surfaces  on  the  various  residuals 
where  their  should  be  jagged  fracture  surfaces,  without  traces  of  particulate  residue,  are  an 
indicator  that  light  to  moderate  kinetic  friction  had  abrasion  normalized  the  surface  profile. 

Overall  these  traces  indicate  that  kinetic  friction  abrasion  inducing  movement  occurred  between 
some  of  these  residuals  and  some  other  portion  of  the  original  specimen  under  the  impacter 
during  D2512  testing. 

Figures  134  thru  136  show  examples  of  the  signs  of  intense  heat  or  high  temperature  exposure 
found  on  many  of  the  returned  residuals.  A  pebbled  and  pock  marked  surface  of  spherical 
nodules  combined  with  spherical  craters  or  a  “refrozen  or  resolidified”  smear  are  the  signs  of  a 
polymer  containing  material  that  has  been  exposed  to  intense  heat  or  high  temperature.  A 
majority  of  these  signs  were  found  on  the  surfaces  of  residuals  which  were  parallel  to  the  original 
specimen’s  impacted  surface.  The  remainder  were  always  located  adjacent  to  signs  of  abrasion. 
No  residuals  presented  both.  As  described  in  the  Theory  Section:  Kinetic  Friction  heavy  kinetic 
friction  abrasion  can  produce  intense  heat  and  or  high  temperatures  creating  these  features.  This 
caused  portions  of  the  residuals  to  become  a  melt  which  was  then  either  smeared  and  rapidly 
“refrozen  or  resolidified”  or  was  not  smeared  and  had  time  to  form  partial  spheres  and  spherical 
craters. 

Figures  137  thru  139  show  examples  of  the  surface  of  the  returned  residuals.  Determining 
whether  or  not  these  surfaces  were  in  direct  contact  with  the  impacter  is  impossible  due  to  the 
way  in  which  they  were  fabricated  and  the  way  in  which  D2512  testing  is  conducted.  But  based 
upon  the  previously  noted  failure  types  and  phenomenon  mechanisms,  the  specimens  slid  during 
the  D2512  impact  loading.  As  both  sides  of  the  specimen  are  in  contact  with  steel  during  D2512 
testing  (see  figure  5)  a  similar  degree  of  kinetic  friction  occurred  on  both  sides  of  the  specimen. 
This  steel  on  specimen  sliding  caused  remarkably  little  damage  to  the  resin  rich  and  in  the  case 
of  the  YSH  composites  poorly  adhering  surfaces.  The  only  traces  of  interaction  consist  of  a  light 
abrasion  which  ground  the  high  points  down  into  flattened  plateaus  . 
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Results  Section:  Fractography:  Powder 

All  of  the  returned  D2512  tested  specimens  contained  residuals  of  course  powder.  Figures  140 
through  143  depict  these  course  powders.  Additional  examination  of  these  course  powder 
residuals  found  that  they  could  be  further  grouped  into  these  four  subcategories:  narrow  crescent 
shapes,  abrasion,  intense  heat  exposure,  and  surface  effects. 

Figures  144  through  147  show  examples  of  narrow  crescent  shaped  powder  residuals.  These 
appear  to  have  two  sides  shaped  like  the  Hertzian  ring  or  cone  cracks  described  in  the  Theory 
Section:  Hertzian  Fracture.  The  sliding  of  the  specimen  under  impacter  during  a  D2512  test 
would  create  a  series  of  stacked  Hertzian  ring  and  cone  cracks  in  the  specimen.  Some  would  be 
narrowly  spaced  together  and  create  crescent  shaped  narrow  sleeves  of  the  material  between  the 
Hertzian  cracks. 

Figures  148  thru  151  show  examples  of  the  signs  of  abrasion  found  on  many  of  the  returned 
powder  residuals.  The  appearance  of  smooth  gentle  contour  changing  surfaces  on  the  various 
residuals  where  the  typical  powder  residuals  presented  jagged  fracture  surfaces,  with  or  without 
traces  of  light  particulate  residue,  are  an  indicator  that  light  to  moderate  kinetic  friction  had 
abrasion  normalized  the  surface  profile.  Overall  these  traces  of  abrasion  indicate  that  kinetic 
friction  movement  occurred  between  some  of  the  powder  residuals  and  some  other  portion  of  the 
original  specimen. 

Figures  152  thru  155  show  examples  of  signs  of  intense  heat  or  high  temperature  exposure  found 
on  many  of  the  returned  powder  residuals.  The  pebbled  and  pock  marked  surface  of  spherical 
nodules  and  spherical  craters  and  or  the  refrozen  smear,  as  previously  described,  are  signs  that 
these  residuals  experienced  intense  heat  or  high  temperature  exposure.  Many  of  the  neat  resin 
powder  residuals  as  shown  in  figure  152  also  exhibited  drawn  out  tendrils.  These  neat  resin 
residuals  appear  to  have  been  heated  up  to  a  state  were  they  became  a  viscose  fluid,  were 
drawn  out  and  then  “refrozen  or  resolidified”  into  the  tendril  shapes  on  many  of  the  powder 
residuals.  Also  cakes  of  neat  resin  powder  residuals  as  seen  in  figures  152-a-i,  152-a-ii,  and  152- 
c-l  were  common.  They  appear  to  be  an  agglomeration  of  individual  powder  residuals  who’s 
edges  had  been  rendered  a  viscose  fluid,  pressed  into  one  another  and  then  “refrozen  or 
resolidified”.  Many  of  the  composite  powder  residuals  also  exhibit  the  appearance  of  char  on 
their  surfaces.  As  described  in  the  Theory  Section:  Kinetic  Friction  heavy  kinetic  friction  abrasion 
can  produce  the  high  temperatures  which  would  create  these  features. 

Figures  156  thru  159  show  examples  of  the  original  specimen’s  surface  in  the  returned  powder 
residuals.  For  the  same  reasons  detailed  to  describe  the  surfaces  shown  in  figures  137  through 
139,  these  powder  residuals  exhibit  remarkably  little  damage  from  the  D2512  testing  besides  the 
high  point  flattening  kinetic  friction  abrasion  between  the  sliding  specimen’s  surface  and  the  steel 
impacter  and  disc  of  the  testing  apparatus. 

Results  Section:  Fractography:  Specimen  Cup  Interactions 

The  final  category  of  residuals  consists  of  the  specimen’s  interaction  with  the  LOX  containment 
cup  depicted  in  figure  5.  The  residuals  in  this  category  can  be  broken  out  into  these  two 
subcategories:  back  edge  damage  on  some  of  the  residuals  and  particles  of  the  specimens 
affixed  to  cup’s  inner  surface. 

Figures  160  thru  163  show  examples  of  returned  residuals  which  exhibited  compressive  crushing 
done  to  the  original  specimen’s  cylindrical  edge.  All  of  the  residuals  exhibiting  these  signs  of 
back  edge  crushing  originate  from  areas  on  the  original  specimen  originally  outside  of  the 
impacter’s  contact.  Usually  the  crushes  are  located  directly  behind  the  residual’s  Hertzian  cone 
cracked  inner  edge  typically  along  the  middle  of  the  remaining  original  specimen’s  cylindrical 
edge.  The  actual  crushed  areas  present  the  same  features  which  appear  on  the  edge  of  a  brittle 
isotropic  material  or  the  edge  of  a  composite  laminate  which  has  been  impacted  by  a  blow 
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aligned  normal  to  that  edge.  For  the  brittle  material  these  features  generate  conchoidal  flakes 
and  the  extreme  Hertzian  cone  crack  negatives  described  in  the  Theory  Section:  Hertzian 
Fracture.  For  the  composite  these  features  are  bent  backwards  and  or  snapped  over 
reinforcement  fibers.  As  the  only  surface  available  for  these  edges  to  contact  during  a  D2512 
test  are  the  cup’s  inner  walls,  these  crushing  impacts  must  have  occurred  when  the  residual 
forcefully  contacted  the  cup. 

Figures  164  thru  167show  examples  of  returned  residual  cups  which  have  bands  of  impaled 
powder  residuals  or  scorch  marks  on  their  inner  walls.  The  bands  are  usually  narrow  and 
located  on  the  lower  third  of  the  cup’s  walls.  They  seldom  range  for  more  than  one  quarter  of  the 
cup’s  inner  circumference.  The  scorch  marks  routinely  take  a  more  circular  shape  whose  size 
ranges  between  a  pinprick  and  a  blotch  occupying  between  five  and  fifteen  degrees  of  the  cup’s 
inner  circumference. 

Results  Section:  Fractography:  Global  Observations 

For  all  of  the  failure  types  and  phenomenon  previously  exhibited  by  the  returned  residuals,  with  a 
rare  few  exceptions,  all  were  found  in  all  four  types  of  the  D2512  tested  specimens.  They  were 
also  found  regardless  of  the  medium,  LOX  or  LN2,  in  which  the  specimen  was  impacted  and 
regardless  of  whether  or  not  the  material  exhibited  an  ignition  reaction.  The  only  exceptions  to 
these  observations  occurred  when  the  paucity  of  returned  relevant  residuals  (no  returned  no 
reaction  detected  5250-4  RTM  specimens,  only  one  returned  no  reaction  detected  T650-35 
specimen  and  two  returned  reaction  detected  YSH50  and  YSH60  specimens  each  were  available 
for  examination)  precluded  finding  examples  of  these  failure  types  and  phenomenon  at  a  specific 
overall  D2512  testing  condition.  Based  upon  these  observations  the  failure  types  and 
phenomenon  described  in  the  Impacter  External,  Under  The  Impacter,  Powder  and  Specimen 
Cup  Interactions  Fractography  subsections,  with  only  two  notable  exceptions,  occur  independent 
of  the  testing  conditions  and  whether  or  not  a  reaction  occurs.  The  two  exceptions  are  the 
prominence  of  the  knobs  produced  when  the  D2512  test  occurs  in  LN2  and  the  severity  of  the 
intense  heat  or  high  temperature  exposure  when  a  reaction  is  detected  in  LOX  D2512  tested 
specimens. 

Results  Section:  Fractography:  Fiber  Resolution  Fracture  Surface  Imaging 

Numerous  attempts  were  made  to  acquire  fiber  resolution  images  using  the  X25-200  system 
depicted  in  figure  54  of  the  various  fracture  surfaces  described  in  the  previous  fractography 
subsections.  Due  to  the  X25-200  system’s  extremely  limited  field  of  depth  almost  all  created 
nothing  more  than  blotchy  black,  grey  and  white  images  which  were  indecipherable.  One 
exception  was  a  series  of  images  taken  at  X200  of  the  fracture  surface  depicted  in  figure  168. 
These  images  were  taken  from  the  only  sample  made  of  the  T650-35  /  5250-4  RTM  composite 
which  did  not  react  when  D2512  tested.  Figure  169  depicts  this  fracture  surface.  This  fracture 
surface  is  also  shown  in  figure  1 15-b.  Based  on  the  fracture  mechanism  detailed  in  the  Theory 
Section;  Hertzian  Fracture,  it  is  a  straight  flare  off  of  a  hertzian  cone  crack.  Based  on  the 
smeared  instead  of  jagged  surface  it  has  been  intensely  heated  to  a  high  temperature  probably 
by  the  kinetic  friction  mechanism  detailed  in  the  Theory  Section:  Kinetic  Friction.  The  images  in 
figure  169  show  no  fiber  pull  out  and  clean  transversely  fractured  fibers.  The  images  also  show 
that  the  crack’s  propagation  is  anisotropically  influenced  by  the  orientation  of  the  fibers.  It  forms 
parallel  to  the  fibers  when  extending  laterally  along  a  fiber  bed.  It  extends  transversely  thru  the 
fiber  beds  by  fracturing  segments  of  the  composite  as  small  as  ten  fiber  diameters  in  length  at 
orientations  parallel  or  perpendicular  to  the  fibers. 
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Figure  94-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


5250-4  RTM  Sample  6  Wedge  1  Reaction  RHGerzeski  12/04 


A 


Figure  94-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 
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2004 


RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  94-a-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  94-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  5250-4  RTM 
D2512  Specimen:  In  LN2 
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Figure  94-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  5250-4  RTM 
D2512  Specimen:  In  LN2 
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5250-4  RTM  LN2  Sample  2  Wedge  4  RHGerzeskl  1 


V|| 
Mf  * 


4  ^ 


5250-4  RTM  LN2  Sample  2 
Wedge  4  RHGerzeski  1/05 


12  1 
2005 


Figure  94-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  5250-4 
RTM  D2512  Specimen:  In  LN2 
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JAN  13  2004 


Figure  95-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


1  t  . 

T650-35  /  5250-4  RTM  Sample  5  Reaction  RHGerzeski  1/04 

JAN  13  2004 

Figure  95-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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V 


Figure  95-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  95-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  T650-35  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  95-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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FEB  27  2004 


Figure  96-a,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH50  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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V 


Figure  96-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH50  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  96-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH50  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  96-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH50  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


YSH50  /  5250-4  RTM 
LN2  Sample  3 
RHGerzeski  3/05 


24  1 
2005 


Figure  96-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH50  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  97-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


R 


2004 


YSH60  /  5250-4  RTM 
Sample  13  Reaction 
RHGerzeski  5/04  Rev  A  8/05 


Figure  97-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  97-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  97-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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26  1  2005 


LN2  Sample  2 
RHGerzeski  4/05 

Figure  97-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  97-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Ring  Cracks:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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ro 
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Figure  98-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  98-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM 
Sample  9  Wedge  2 
Reaction 

RHGerzeshi  12/04 

16  7  2004 

Figure  98-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  98-a-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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219 


Figure  98-a-vii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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11  1  2005 


Figure  98-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LN2 


Figure  98-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LN2 
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Figure  98-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LN2 
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13  1  2005 

5250-4  RTM  LN2  Sample  3  Wedge  1  RHGerzeski  1/05 


5250-4  RTM  LN2  Sample  3  Wedge  1  RHGerzeski  4105 


Sr/ 


% 


13  1 
2005 


Figure  98-b-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  5250-4  RTM  D251 2  Specimen:  In  LN2 
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Figure  99-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  99-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  99-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


T650-35 !  5250-4  RTM 
Sample  3  Reaction 
RHGerzeski  3/05 


Figure  99-a-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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mm 


JAN  13 


Wedge  1 
Sample  12 
RHGerzeski  1/04 
T650-35  /  5250-4  RTM 
Reaction 


Figure  99-a-v,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  99-a-vi,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  99-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


* 


Figure  99-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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18  1  2005 


T650-35  /  5250-4  RTM 
LN2  Sample  1 
RHGerzeski  2/05 


Figure  99-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


Figure  99-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LN2 
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Figure  99-c-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 


T650-35  /  5250-4  RTM  LN2  Sample  3  RHGerzeski  2/05 

Figure  99-c-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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FEB  27  2004 


Figure  100-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  100-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  100-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  100-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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2004 


YSH50  /  5250-4  RTM 
Sample?  12  No  Reaction 

FEB  26 


Figure  100-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  100-b-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  100-b-v,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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21  1  2005 


Figure  100-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  100-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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YSH50  /  5250-4  RTM  LN2  Sample  3  RHGerzeski  3/05 


Figure  100-c-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


Figure  100-c-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  101-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  101-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  101-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  101-a-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  101-a-v,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  101-a-vi,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  101-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH60  /  5250  4  RTM 
Sample  16  No  Reaction 


YSH60  /  5250-4  RTM 
Sample  16  No  Reaction 
RHGor/oftki  5/04 
Rev  A  8/05 


MAY  4  2004 


Figure  101-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  101-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  101-b-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  101-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  101-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LN2 
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YSH60  /  5250-4  RTM  LN2  Sample  3  RHGerzeski  4/05 


Figure  101-c-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


Figure  101-c-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Transverse  And  In  Plane 
Cracks:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  102-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  102-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 
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3  8  2004 

5250-4  RTM 
Sample  11  Wedge  3 
Reaction 

RHGerzeski  12/04 


Figure  102-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


13  1  2005 


5250-4  RTM  LN2  Sample  3  RHGerzeski  1/05 

Figure  102-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  5250-4  RTM 
D2512  Specimen:  In  LN2 
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5250-4  RTM  LN2  Sample  3  Wedge  4  RHGerzeski  1/05 


Figure  102-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  5250-4  RTM 
D2512  Specimen:  In  LN2 
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Figure  103-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  T650-35  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


T650-35  /  5250-4  RTM 
Sample  8  Reaction 
RHGerzeski  3/05 


JAN  13  2004 


Figure  103-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  T650-35  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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RHGerzes  ki  Rev  A  8/05 


JAN  13 


2004 


Figure  103-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  T650-35  /  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


T650-35  /  5250-4  RTM  Sample  10  No  Reaction  RHGerzeski  9/04 

Figure  103-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  T650-35  /  5250-4 
RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  103-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  T650-35  /  5250-4 
RTM  D2512  Specimen:  In  LN2 


■  ^ 

T650-35  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  2/05 

Figure  103-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  T650-35  /  5250-4 
RTM  D2512  Specimen:  In  LN2 
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250 


Figure  104-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  104-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  104-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH50  /  5250-4  RTM 
LN2  Sample  4 
RHGerzeskf  3/05 

25  1  2005 

Figure  104-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs 
RTM  D2512  Specimen:  In  LN2 


:  YSH50/  5250-4 


2005 


YSH50  /  5250-4  RTM 
LN2  Sample  3 
RHGerzeski  3/05 


Figure  104-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LN2 
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Figure  105-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  YSH60  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  105-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  YSH60  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  105-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  YSH60  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


26  1  2005 


Figure  105-b,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs:  YSH60  /  5250-4 
RTM  D2512  Specimen:  In  LN2 
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5250-4  RTM  Sample  8  Wedge  Reaction  RHGerzeski  12/04 


Figure  106-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM 
Sample  9  Wedge  1 
Reaction 

RHGerzeski  12/04 

16  7  2004 

Figure  106-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM  Sample  19  Wedge  3 
Reaction  RHGerzeski  12/04 

4  8  2004 


Figure  106-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM  LN2  Sample  1  Wedge  2  RHGerzeski  1/05 

11  1  2005 

Figure  106-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  5250-4 
RTM  D2512  Specimen:  In  LN2 
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261 


1  2005 


5250-4  RTM  LN2  Sample  3  Wedge  1  RHGerzeski  1/05 


Figure  106-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  5250-4 
RTM  D2512  Specimen:  In  LN2 
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^  flldvA  ftfOf 

_  ^  TfiSO-SS/SESQ-J  RTM  SjimpJe  S  Rout  Inn  RHG*r»nkL  1 M4 

JAN  13  2004 

Figure  107-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  T650-35 
/  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


T650-35  I  5250-4  RTM 
Sample  6  Reaction 
RHGerzMki  1/04  Rev  A  6'05 


JAN  13  2004 


Figure  107-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  T650-35 
/  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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T650-35  /  5250-4  RTM 
Sample  20  Reaction 
RHGerzeski  4/04 
Rev  A  8/05 

JAN  13  2004 

Figure  107-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  T650- 
35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  107-b,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  T650-35  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


T650-35  I  5250-4  RTM  Sample  10  No  Reaction  RHGerzeski  9/04 

JAN  13  2004 
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J 


Figure  107-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  T650-35 
/  5250-4  RTMD251 2  Specimen:  In  LN2 


Figure  107-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  T650-35 
/  5250-4  RTMD251 2  Specimen:  In  LN2 
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Figure  108-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH50  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  108-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH50  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Sample  1 
Wedge  1 

Y5H5Q  I  5250-4  RTM 
Sample  1  No  Reaction 


Rev  A  S/Q5 
RHGerzeski  3/04 


Figure  108-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH50 
/  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


YSH50  /  5250-4  RTM 
LN2  Sample  3 
RHGerzeski  3/05 

Figure  108-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH50  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  109-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


APR  19  2004 


Figure  109-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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YSHGO  /  5250-4  RTM 
Sample  15  Mo  Reaction 
RHGerzeski  5/04  Rev  A  8/05 


MAY  3  2004 


Figure  109-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


004 


YSH60  /  5250-4  RTM 
Sample  11  No  Reaction 
RHGerzeski  5/04 


Figure  109-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  1 09-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH60 
/  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  109-c,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Cracks:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


271 


\ 


5250-4  RTM  Sample  17  Wedge  2  Reaction  RHGerzeski  12/04 

20  7  2004 

Figure  1 10-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  110-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  1 10-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 
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11  1  2005 


Figure  1 10-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  5250-4  RTM 
D2512  Specimen:  In  LN2 


Figure  110-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  5250-4  RTM 
D2512  Specimen:  In  LN2 
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Figure  1 10-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  5250-4  RTM 
D2512  Specimen:  In  LN2 


5250-4  RTM  LN2  Sample  2 
Wedge  4  RHGerzeski  1/05 

12  1  2005 
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Figure  1 1 1-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  1 1 1-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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T650-35  /  5250-4  RTM  Reaction  Sample  1  RHGerzeski  1/04 


JAN  13 
2004 


Figure  1 1 1-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  1 1 1-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  1 1 1-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  1 1 1-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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YSH50  /  5250-4  RTM 
Sample  14  Reaction 
RHG  6/04 

Sample  14 
Wedge  1 
RHGerzeski  3/04 


FEB  27  2004 


Figure  1 12-a,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


YSH50  /  5250-4  RTM 
Sample  2  No  Reaction 
RHGerzeski  3/04 
Rev  A  8/05 


Figure  1 12-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250- 
4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  1 12-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 

24  1 
2005 


Figure  1 12-c,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LN2 
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Figure  1 13-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  1 13-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  1 13-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250- 
4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  1 13-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  1 13-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  1 14-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


» 


5250-4  RTM 
Sample  11  Wedge  2 
Reaction 

RHGerzeski  12/04 


16  7  2 


Figure  1 14-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM 
Sample  3  Wedge 
Reaction 
RHGerzeski  11/04 


5250-4  RTM 
Sample  3  Wedge 
Reaction 

RHGerzeski  11/04 


Figure  1 14-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  1 14-a-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  1 14-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  5250-4 
RTM  D2512  Specimen:  In  LN2 


Figure  1 14-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  5250-4 
RTM  D2512  Specimen:  In  LN2 
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Figure  1 1 5-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  T650/ 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


JAN  1 
2004 


/  5250-4  RTM 
Specimen  2  Reaction 
RHGerzeski  4/04 


Figure  1 15-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  T650  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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T65Q-35  /  5250-4  RTM  Reaction  Sample  7  RHGerzeski  1/04 

JAN  13  2004 


1650-35  f  5250-4  RTM  Reaction  Sample  7  RHGerzeski  1/04 

JAN  13  2004 

Figure  1 15-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  T650  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


T650-35  /  5250-4  RTM 
Sample  10 
No  Reaction 
RHGerzeski  9/04 


JAN  20  2004 


Figure  1 15-b,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  T650  /  5250- 
4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  1 15-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  T650  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  1 15-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  T650  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  1 16-a,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  YSH50  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  1 16-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  YSH50  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Sampjle  10  Wedge  2 
No  Refection 
RHGerzeski  3/04 
Rev  A  8/05 


9k 


Figure  1 16-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  YSH50  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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APR  28  2004 


Figure  1 17-a,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  1 17-b,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  1 17-c,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Intense  Heat:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  1 18-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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RHGerzeski  12/04 


2  8  2004 


S25CM  RTM 
Sample  5  Wedge  3 
Reaction 

RHGerzeski  12/04 


19  7  2004 


Figure  1 18-a-ii  and  iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop 
Failure:  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM  Sample  6  Wedge  2  Reaction  RHGerzeski  12/04 


‘V 
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5250-4  RTM 
Sample  6  Wedge  2 
Reaction 
RHGerzeski  12/04 


Figure  1 18-a-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM  LN2  Sample  3  Wedge  1  RHGerzeski  1/05 

13  1  2005 


RHGerzeski  1/05 

12  1  2005 


Figure  1 18-c-i  and  ii  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop 
Failure:  5250-4  RTM  D2512  Specimen:  In  LN2 


5250-4  RTM  LN2  Sample  1  Wedge  1  RHGerzeski  1/05 


Figure  1 18-c-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
5250-4  RTM  D2512  Specimen:  In  LN2 
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T650  35  y  5250-4  RTM  Reaction  Sample  13  RHGerzeski  3/05 

JAN  13  2004 


Figure  1 19-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


T650-35  /  5250-4  RTM  Reaction  Sample  7  RHGerzeski  1/04 

JAN  13  2004 


Figure  119-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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7850-35/  5250-4  RTM  Sample  5  Reaction  RHGerzeski  1/04 

JAN  13  2004 


Figure  1 19-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  1 19-a-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


300 


Figure  1 19-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  119-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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TG5Q-35  /  5250-4  RTM 
Sample  10  Mo  Reaction 
RHGerzeski  4/05 


Figure  119-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


T650-35  /  5250-4  RTM  LN2  Sample  3 


20  1  2005  RHGerzeski  2/05  Rev  A  8/05 

Figure  1 19-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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T650-35  /  5250-4  RTM 
LN2  Sample  2 
RHGerzeski  2/05 
Rev  A  8/05 


19  1 
2005 


Figure  1 19-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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U'M  2005 


T650-35  /  5250-4  RTM 
LN2  Sample  1 
RHGerzeski  2/05 
Rev  A  8/05 

Figure  1 1 9-c-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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FEB 


27  2004 

Sample  14 
Wedge  1 
RHGerzeski  3/04 
YSH50  /  5250-4  RTM 
Sample  14  Reaction 
RHG  6/04 


Figure  120-a,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Floop  Failure: 
YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


305 


Figure  120-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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FEB  24  2004 

YSH50  /  5250-4  RTM 
Sample  5  No  Reaction 
RHGerzeski  3/04 


Figure  120-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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20 


FEB  26 


Figure  120-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Sample  12 
Wedge  1 
RHGerzeski  3/04 
YSH50  /  5250-4  RTM 
Sample  12  No  Reaction 
Rev  A  8/05 
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Figure  120-b-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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t 


24  1 
2005 


YSH5Q  /  5250-4  RTM 
LN2  Sample  3 
RHGerzeski  3/05 
Rev  A  8/05 


Figure  120-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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YSH50  /  5250-4  RTM 


LN2  Sample  2 
RHGerzeski  3/05 


21  1  2005 


Figure  120-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  1 20-c-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  121-a-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


YSH60  /  5250-4  RTM 
Sample  4  Reaction 
RHGerzeski  5/04 


APR  19 


2004 


Figure  121-a-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  121-a-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  121-b-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  121-b-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


314 


Figure  121-b-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


315 


25  1  2005 


YSH60  /  5250-4  RTM  LN2  Sample  3  RHGerzeski  4/05 
Figure  121-c-i,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  121-c-ii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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YSH60  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  4/05  — — 

Figure  121-c-iii,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 


I 


YSH60  /  5250-4  RTM 
LN2  Sample  2 
RHGerzeski  4/05 

26  1  2005 


Figure  121-c-iv,  External  To  The  Indenting  Impacter  Fracture  Surfaces:  Tensile  Hoop  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  122-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Sample  G 
RHGcttcaki  4/04 


Te6Q-3S/ *260-4  RTM 
Sample  G  Reaction 
RHGerzeski  7/04 


Figure  122-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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T650-35  /  5250-4  RTM  Reaction  Sample  17  RHGerzeski  4/04 

APR  2  2004 


Figure  122-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  122-a-iv,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


T650-35  /  5250-4  RTM 
Sample  5  Reaction 
RHGerzeski  7/04 


RHGerzeski  4/04  MAR  31  2004 

Figure  122-a-v,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  122-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  122-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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T650-35  /  5250-4  RTM 
Sample  10  No  Reaction 
RHGerzeski  4/04 


Figure  122-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


20  1  2005 

TG50-35  f  5250-4  RTM 
LN2  Sample  3 
RHGerzeski  2/05 


Figure  122-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 


r 


r 


19  1  2005 

T650-35  /  5250-4  RTM 
LN2  Sample  2 
RHGerzeski  2/05 


k 


Figure  122-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  122-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  123-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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MAR  1-  2004 

YSH50  /  5250-4  RTM 

Sample  18  Sample  18  No  Reaction 

RHGerzeski  3/04  rhG  6/04 


Figure  123-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


YSH50  /  5250-4  RTM 
Sample  18  No  Reaction 
RHG  6/04 


Sample  18 
Wedge  2 
RHGerzeski  3/04 


MAR  1  2004 


Figure  123-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  123-a-iv,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


YSH50  /  5250-4  RTM  LN2  Sample  1  RHGerzeski  6/04 


Figure  123-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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YSH50  I  5250-4  RTM  LIM2  Sample  3  RHGerzeski  3/05 

24  1  2005 

Figure  123-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 


YSH50  /  5250-4  RTM 
LN2  Sample  4 
RHGerzeski  3/05 

25  1  2005 


Figure  123-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  124-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  124-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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YSH60  /  5250-4  RTM  Sample  4  Reaction  RHGerzeski  5/04 

Figure  124-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


APR  19  2004 


Figure  124-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH60  I  5250-4  RTM 


Sample  9  No  Reaction 


RHGerzeski  5/04 


APR 


21  2004 


Figure  124-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


APR  19  2004 


Figure  124-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH60  /  5250-4  RTM 
Sample  14  No  Reaction 
RHGerzeski  5/04 


HAY 


3  2004 


Figure  124-b-iv,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


MAY  6  2004 


YSH60  /  5250-4  RTM 


LN2  Sample  1 
RHGerzeski  4/05 


Figure  124-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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26  1  2005 

Figure  124-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Crescents  And  Arcs: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 


YSH60  /  5250-4  RTM 
LN2  Sample  2 
RHGerzeski  4/05 

Figure  124-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 


1  2005 

:  Crescents  And  Arcs: 


YSH60/ 5250-4  RTM 
LN2  Sample  2 
RHGerzeski  4/05 
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Figure  125-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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r  Reaction 

2  2004 


Figure  125-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  125-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Sample  10  No  Reaction 
RHGerzeski  4/04 

T650-35  /  5250-4  RTM  dmm 


1  2004 


Figure  125-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  125-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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T650-35  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  2/05 

Figure  125-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  125-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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T650-35  /  5250-4  RTM  LN2  Sample  1  RHGerzeski  2/05 

Figure  125-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Sample  5 
Wedge  6 
RHGerzeski  3/04 
YSH50  /  5250-4  RTM 
Sample  5  No  Reaction 


Sample  5 
Wedge  6 
RHGerzeski  3/04 
YSH50  /  5250-4  RTM 
Sample  5  No  Reaction 
Rev  A  8/05 


24  2004 


Figure  126-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  126-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  126-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Sample  20 
RHGerzeski  3/04 


YSH50  /  5250-4  RTM  LN2  Sample  4  RHGerzeski  3/05 

Figure  126-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


Figure  126-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LN2 
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RHGerzeski  3/04 

FEB  23  2004 

Figure  126-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


343 


APR  28  2004 

Figure  127-a,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal  Failure: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


YSH60  /  5250-4  RTM  Sample  5  No  Reaction  RHGerzeski  5/04  Rev  A  8/05 

APR  20  2004 

Figure  127-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  127-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


YSH60  /  5250-4  RTM 
Sample  17  No  Reaction 
RHGerzeski  5/04 
Rev  A  8/05 
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YSH60  /  5250-4  RTM  Sample  14  No  Reaction  RHGerzeski  5/04 


MAY  3  2004 


Rev  A  8/05 


Figure  127-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


346 


MAY  6 
2004 


YSH60  /  5250-4  RTM  LN2  Sample  1  RHG  4/05  Rev  A  8/05 
Figure  127-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


YSH60  /  5250-4  RTM 
LN2  Sample  2 
RHG  4/05  Rev  A  8/05 


26  1  2005 


Figure  127-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Knobs  /  Conchoidal 
Failure:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  128-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged  Fragments: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  128-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  128-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


349 


T650-35  /  5250-4  RTM  Sample  11  Reaction  RHGerzeski  4/04 
Figure  128-a-iv,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


350 


Sample  10  No  Reaction 
RHGerzeski  4.04 


APR 


1  2004 


Figure  128-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged  Fragments: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


351 


APR  1 
2004 


Sample  10 
RHGerzeski  4/04 
T650-35  /  5250-4  RTM 
No  Reaction 


Figure  128-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


18  1  2005 


T650-35  /  5250-4  RTM 


1  RHGerzeski  2/05 


T650-35 1 5250-4  RTM  LN2  Sample  1  RHGerzeski  2/05 

Figure  128-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged  Fragments: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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2005 


T650-35  /  5250-4  RTM 
LN2  Sample  2 
RHGerzeski  2/05 


T650-35  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  2/05 

Figure  128-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LN2 
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T650-35  /  5250-4  RTM 
LN2  Sample  3 
RHGerzeski  2/05 


Figure  128-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


% 
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‘  / 


YSH50  1 5250-4  RTM 
Sample  Z  No  Reaction 


;FEB  24  2004 

.  'll  ml 

Figure  129-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged  Fragments: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH50/ 5250-4  RTM  Sample  13  No  Reaction  RHG  6/04 


Figure  129-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  129-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


357 


Figure  129-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged  Fragments: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  129-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Y5H6Q  /  5250-4  RTM 
Sample  13  Reaction 
RHGerzeski  5/04 


APR  28  2004 


Figure  130-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged  Fragments: 
YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


APR  19  2004 


Figure  130-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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APR  19  2004 

YSH60  /  5250-4  RTM  Sample  4  Reaction  RHGerzeski  5/04 

Figure  130-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  130-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  130-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


361 


YSH60  /  5250-4  RTM  LN2  Sample  1  RHG  4/05  Rev  A  8/05 

Figure  130-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged  Fragments: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  130-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  1 30-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Straight  Edged 
Fragments:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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1  2005 


Figure  131-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  /  5250- 
4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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T650-35  /  5250-4  RTM 
Reaction  Sample  14 
RHGerzeski  4/04 


APR  1  2004 


Figure  131-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  131-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


365 


Figure  131-a-iv,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


366 


APR  1  2004 

Figure  131-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  /  5250- 
4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  131-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


367 


T650-35  /  5250-4  RTM  LN2  Sample  3  RHGerzeski  2/05 

Figure  131-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  /  5250- 
4  RTM  D2512  Specimen:  In  LN2 


Figure  131-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


368 


Figure  131-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  132-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  132-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


370 


Figure  132-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250- 
4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


371 


21  1  2005 


YSH50  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  3/05 

Figure  132-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LN2 


YSH50  /  5250-4  RTM  LN2  Sample  4  RHGerzeski  3/05 


Figure  132-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH50  /  5250- 
4  RTM  D2512  Specimen:  In  LN2 


372 


APR  19  2004 


Figure  133-a,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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YSH60  I  5250-4  RTM  Sample  B  No  Reaction  FtHGerzeski  VO*  RfeuAMIG 

APR  20  2004 

Figure  133-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces: 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Abrasion:  YSH60/  5250-4 


Figure  133-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  133-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250- 
4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


2005 


YSH60  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  4/05 

Figure  133-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250-4 
RTM  D2512  Specimen:  In  LN2 
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Figure  133-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Abrasion:  YSH60  /  5250- 
4  RTM  D2512  Specimen:  In  LN2 
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Figure  134-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  134-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


378 


2004 

T650-35 1 5250-4  RTM 
Sample  16 
Reaction 
RHGerzeski  4/04 


Figure  134-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  T650-35 
/  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  134-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  T650-35  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


380 


Sample  10  No  Reaction 


APR  1  2004 


Figure  134-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  T650-35  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  134-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


381 


19  1  2005 


T650-35  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  2/05 

Figure  134-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  T650-35  / 
5250-4  RTM  D2512  Specimen:  In  LN2 _ 


/  5250-4  RTM  LN2  Sample  1  RHGerzeski  2/05  Rev  A  8/05 

Figure  134-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  T650-35 
/  5250-4  RTM  D251 2  Specimen:  In  LN2 


14  1  2005 


382 


Figure  135-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH50  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


^SH50 75250-4  RT 
.  Sample  4  No  Rea 
"RHG  3/04  Rev  A  8/05 


2004 


Figure  135-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH50  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


383 


Figure  135-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH50  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


YSH50  /  5250-4  RTM 
LN2  Sample  4 
RHGerzeski  3/05 


Figure  135-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH50  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


384 


APR  28  2004 

Figure  136-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  136-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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YSH60  I  5250-4  RTM  Sample  1  No  Reaction  RHGerzeskt  6/04  Rej^A  8/05 

APR  16  2004 

Figure  136-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


YSH60  /  5250-4  RTM 
Sample  3  No  Reaction 
RHGerzeski  5104  Rev  A  8/05 

APR  19  2004^ 

Figure  136-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


386 


Figure  136-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


387 


Figure  136-b-iv,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH60  / 
5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


388 


LAO 
CM  CM 


Figure  136-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


389 


YSH60  1 5250-4  RTM  LN2  Sample  3  RHGerzeski  4/05 


Figure  136-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Heat  Exposure:  YSH60  / 
5250-4  RTM  D2512  Specimen:  In  LN2 


390 


HAY  6  2004 

YSH60  /  5250-4  RTM  LN2  Sample  1  RHGerzeski  4/05 


Figure  137-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


391 


Sample  17 
RHGerzeski  4/04 


T650-35  /  5250-4  RTM 
Reaction 


2  2004 


Figure  137-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


392 


Figure  137-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


393 


Figure  137-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  137-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


394 


T650-35  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  2/05 

Figure  137-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 


T650-35  /  5250-4  RTM 
LN2  Sample  1 
RHGerzeski  2/05 


Figure  137-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35/ 5250-4  RTM  D251 2  Specimen:  In  LN2 
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T650-35  /  5250-4  RTM  LN2  Sample  3  RHGerzeski  2/05 


Figure  137-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 


396 


Figure  138-a,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original  Surface: 
YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


FEB  24  2004 


Sample  5  YSH50  /  5250-4  RTM 

Wedge  6  Sample  5  No  Reaction 

RHGerzeski  3/04 


Figure  138-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


397 


Figure  138-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  138-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


398 


YSH50  /  5250-4  RT 
LN2  Sample  1 
RHGerzeski  6/04 

Figure  138-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


2004 


399 


Figure  138-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


Figure  138-c-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


YSH50  /  5250-4  RTM  LN2  Sample  3 


RHGerzeski  3/05 


400 


Figure  139-a-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  139-a-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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APR  28  2004 

Figure  139-a-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


YSH60  /  5250-4  RTM  Sample  3  No  Reaction  RHGerzeski  5/04 


Figure  139-b-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


402 


Figure  139-b-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  139-b-iii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


403 


YSH60  /  5250-4  RTM  LN2  Sample  1  RHG  4/05  Rev  A  8/05 

Figure  139-c-i,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


Figure  139-c-ii,  Internal  To  The  Indenting  Impacter  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LN2 


404 


Figure  140-a-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


405 


Figure  140-a-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


406 


Figure  140-c-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  5250-4  RTM 
D2512  Specimen:  In  LN2 


Figure  140-c-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  5250-4  RTM 
D2512  Specimen:  In  LN2 


407 


Figure  141-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  T650-35  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


0 


T650-35  /  5250-4  RTM 
Sample  10  No  Reaction 
RHGerzeski  4/04 

1  2004 


Figure  141-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  T650-35  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


408 


Figure  141-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  T650-35  /  5250-4 
RTM  D2512  Specimen:  In  LN2 
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Figure  142-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  142-b-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


410 


Figure  142-b-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


me  ■  ^ 

Figure  142-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  YSH50  /  5250-4 
RTM  D2512  Specimen:  In  LN2 
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Figure  143-a-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  YSH60  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  143-b-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  YSH60  /  5250-4 
RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


412 


413 


Figure  144-a-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Sample  13  Reaction 
RHG  12/04  Rev  A  8/05 

Figure  144-a-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


414 


pie  8  Reaction 
12/04  Rev  A  8/0 


Figure  144-a-iii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


10  1  2005 


Figure  144-c-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  144-c-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  144-c-iii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  145-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents:  T650 
35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  145-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents:  T650 
35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


417 


T650-35  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  2/05 

Figure  145-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents:  T650- 
35  /  5250-4  RTM  D2512  Specimen:  In  LN2 


418 


Figure  146-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  146-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


419 


t  24  1  2005 

'  '  '  *  ,  r  r  ,  l  ' 


YSH50  /  5250-4  RTM  LN2  Sample  3  RHGerzeski  3/05 

Figure  146-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  147-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


420 


Figure  147-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Crescents: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  148-a-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


5250-4  RTIfl  .Sample  7  Reaction  RHG  1 2/04  RevA^OS 


Figure  148-a-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  148-a-iii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  5250- 
4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM 
Sample  3  LN2 
RHG1/05  Rev  A  8/05 


13  1  2005 


Figure  148-b-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  5250- 
4  RTM  D2512  Specimen:  In  LN2 


Figure  148-b-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  5250- 
4  RTM  D2512  Specimen:  In  LN2 
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Figure  149-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  T650- 
35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  149-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  T650- 
35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  149-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  T650- 
35  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  150-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  YSH50 
/  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  150-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  YSH50 
/  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  150-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  YSH50 
/  5250-4  RTM  D251 2  Specimen:  In  LN2 
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Figure  151-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  YSH60 
/  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  151-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion:  YSH60 
/  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH6Q  /  5250-4  RTWI 
LN2  Sample  3 
RHGerzeski  4/05 


25  1  2005 


Figure  151-c-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 


YSH60  /  5250-4  RTM 
Sample  2  LN2 
RHG4/05  Rev  A  8/05 


26  1 
2005 

Figure  151-c-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Abrasion: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  152-a-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  152-a-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  152-a-iii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


k  ^ 

Figure  152-a-iv,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM  LN2  Sample  3  RHGerzeski  1/05 


13  1  2005 


Figure  152-c-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  152-c-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  152-c-iii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
5250-4  RTM  D2512  Specimen:  In  LN2 
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MAR  31  20104 


Figure  153-a-i,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  153-a-ii,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 
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Figure  153-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
T650-35  /  5250-4  RTM  D2512  Specimen:  In  LN2 


Figure  154-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


2004 


YSHSO  /  5250-4  RTM 
Sample  6  Reaction 
RHGerzeski  3/04 
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MAR  2  2004* 


Figure  154-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  155-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


YSH60  I  5250-4  RTM 
Sample  10  No  Reaction 
RHGerzeski  SI04 


Figure  155-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH60  1 5250-4  RTM 


Sample  3  4>N2  RHG  4/05  Rev  A  8/05 

25  tv20Q5 


4/05  Rev  A  8/05 


Figure  155-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Intense  Heat: 
YSH60  /  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  156-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  156-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  5250-4  RTM  D2512  Specimen:  In  LN2 
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Figure  157-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  157-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  T650-35/  5250-4  RTM  D251 2  Specimen:  In  LN2 
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Figure  158-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  158-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH50  /  5250-4  RTM 
Sample  LN2 
RHG  6/04 


MAR  30*2004  Jk 


Figure  158-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH50  /  5250-4  RTM  D251 2  Specimen:  In  LN2 
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Figure  159-a,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  Reaction  Detected 


Figure  159-b,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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25  1  2005 
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YSH60  /  5250-4  RTM 
LN2  Sample  4 
RHGerzeski  4/05 

Figure  159-c,  Internal  To  The  Indenting  Impacter:  Powder  Fracture  Surfaces:  Specimen  Original 
Surface:  YSH60  /  5250-4  RTM  D251 2  Specimen:  In  LN2 
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52504  RTM 
Sample  5  Wedge  2 
Reaction 
RHGeraeski  12/04 


2  8  2004 


Figure  160-a-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  5250-4  RTM  D2512 
Specimen:  In  LOX:  Reaction  Detected 


5250-4  RTM 
Sample  20 
Wedge  2 
Reaction 

RHGerzeski  12/04 

5  8  2004 

Figure  160-a-ii,  Cup  Wall  And  Specimen  interaction:  Back  Side  Impact:  5250-4  RTM  D2512 
Specimen:  In  LOX:  Reaction  Detected 
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5250-4  RTM  Sample  17  Wedge  3  Reaction  RHGerzeski  12/04 

20  7  2004 


ro 


Figure  160-a-iii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  5250-4  RTM  D2512 
Specimen:  In  LOX:  Reaction  Detected 


52 SO -4  RTM  LN2  Sample  1  Wedge  1  RHGerzeski  1J05 

111  2005 


Figure  160-b-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  5250-4  RTM  D2512 
Specimen:  In  LN2 
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Figure  160-b-ii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  5250-4  RTM  D2512 
Specimen:  In  LN2 


Figure  160-b-iii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  5250-4  RTM  D2512 
Specimen:  In  LN2 
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T650-35  /  5250-4  RTM  Reaction  Sample  4  RHGerzeski  1/04 

JAN  13  2004 


Figure  161-a-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  T650-35  /  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


Reaction  Sample  4 
RHGerzeski  1/04  Rev  A  8/05 


JAN  13  2004 


Figure  161-a-ii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  T650-35  /  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


T650-35  /  5250-4  RTM 
Sample  10  No  Reaction 
RHGerzeski  4/05 
Rev  A  8/05 


JAN  13 '2004 


Figure  161-b,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  T650-35  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  161-c-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  T650-35  /  5250-4  RTM 
D2512  Specimen:  In  LN2 


Figure  161-c-ii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  T650-35  /  5250-4  RTM 
D2512  Specimen:  In  LN2 
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Figure  162-a-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH50  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  162-a-ii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH50  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


449 


Figure  162-a-iii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH50  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  162-a-iv,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH50  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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YSH50  /  5250-4  RTM 
LN2  Sample  3 
RHGerzeski  3/05 


24  1 
2005 


Figure  162-b-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH50  /  5250-4  RTM 
D2512  Specimen:  In  LN2 


Figure  162-b-ii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH50  /  5250-4  RTM 
D2512  Specimen:  In  LN2 
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YSH 
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RHGerzeski 


Figure  162-b-iii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH50  /  5250-4  RTM 
D2512  Specimen:  In  LN2 
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Figure  163-a-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  163-a-ii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  163-b-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH60  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  163-b-ii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH60  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  163-b-iii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH60  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  163-c-i,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LN2 


Figure  163-c-ii,  Cup  Wall  And  Specimen  Interaction:  Back  Side  Impact:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LN2 
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Figure  164-a-i,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  5250-4  RTM  D2512 
Specimen:  In  LOX:  Reaction  Detected 


Figure  164-a-ii,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  5250-4  RTM  D2512 
Specimen:  In  LOX:  Reaction  Detected 


Figure  164-a-iii,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  5250-4  RTM  D2512 
Specimen:  In  LOX:  Reaction  Detected 
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Figure  164-b,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  5250-4  RTM  D2512 
Specimen:  In  LN2 


Figure  165-a,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  T650-35  /  5250-4  RTM 
D2512  Specimen:  In  LN2 
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Figure  166-a,  Cup 
D2512  Specimen: 
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Wall  And  Specimen  Interaction:  Material  Jetting:  YSH50  /  5250-4  RTM 
In  LOX:  Reaction  Detected 


Figure  166-b-i,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH50  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  166-b-ii,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH50  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  166-b-iii,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH50  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  166-c-i,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH50  /  5250-4  RTM 
D2512  Specimen:  In  LN2 


Figure  166- 
D2512  Specimen:  In  LN2 


RTM 
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Figure  167-a-i,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 


Figure  167-a-ii,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LOX:  Reaction  Detected 
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Figure  167-b-i,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH60  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 


Figure  167-b-ii,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH60  /  5250-4  RTM 
D251 2  Specimen:  In  LOX:  No  Reaction  Detected 
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Figure  167-c-i,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LN2 


Figure  167-c-ii,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LN2 


Figure  167-c-iii,  Cup  Wall  And  Specimen  Interaction:  Material  Jetting:  YSH60  /  5250-4  RTM 
D2512  Specimen:  In  LN2 
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T650-35  /  5250-4  RTM  Sample  10  No  Reaction  RHG  9/04  Rev  A  9/05 
Figure  168,  Fiber  Resolution  Imaging  Location 


Figure  169,  Fiber  Resolution  Fracture  Surface  Images 
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Figure  169,  Fiber  Resolution  Fracture  Surface  Images  Continued 
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Results  Section:  D2512  Load  Versus  Time  Plots 


Figure  170  presents  the  load  versus  time  plots  of  the  first  bounce  of  D2512  type  mechanical 
impact  tests.  Each  graphs  an  individual  D2512  specimen’s  impact  test.  Two  specimens  of  each 
of  the  four  types  of  materials  investigated  by  this  effort  were  tested. 

A  series  of  distinct  features  repeatedly  appear  in  all  of  the  load  versus  time  plots  regardless  of  the 
material  type  tested  or  the  number  of  a  specific  material’s  D2512  specimens  tested.  All  plots 
have  an  initial  small  load,  short  duration  jitter.  This  is  followed  by  a  steep  linear  increase  of  the 
load  to  a  sharp  inflection  point.  At  the  inflection  point  the  load  rapidly  drops  off;  usually  to  zero. 
The  load  then  increases  and  cyclically  oscillates  erratically  and  non  repeatedly,  both  in  period  and 
amplitude,  forming  a  slightly  rising  ragged  plateau.  This  plateau  occupies  the  largest  majority  of 
the  plotted  impact  bounce’s  duration.  The  load  then  commences  a  parabolic  climb  to  another 
inflection  point  after  which  it  descends  back  down  this  parabola  to  a  load  of  zero.  These  distinct 
features  can  be  grouped  into  four  categories:  initial  jitter,  sharp  spike,  sloping  plateau,  and 
parabolic  climb  and  descent. 


040430-14_52504RTM#  D1 


Figure  170-a-i,  First  Bounce  Load  Versus  Time  Curves:  5250-4  RTM 


040430-15_52504RTM#  D2 


Figure  170-a-ii,  First  Bounce  Load  Versus  Time  Curves:  5250-4  RTM 
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040430-16_T650#D1 


Figure  170-b-i,  First  Bounce  Load  Versus  Time  Curves:  T650-35  /  5250-4  RTM 


040430-17_T650#D2 


Figure  170-b-ii,  First  Bounce  Load  Versus  Time  Curves:  T650-35  /  5250-4  RTM 
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Figure  170-c-i,  First  Bounce  Load  Versus  Time  Curves:  YSH50  /  5250-4  RTM 
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040430-18_YSH50#D4 


Figure  170-c-ii,  First  Bounce  Load  Versus  Time  Curves:  YSH50  /  5250-4  RTM 
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040430-19_YSH60#D3 


Figure  170-d-i,  First  Bounce  Load  Versus  Time  Curves:  YSH60  /  5250-4  RTM 


040430-221  YSU60#  D4 


Figure  170-d-ii,  First  Bounce  Load  Versus  Time  Curves:  YSH60  /  5250-4  RTM 
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Discussion 


An  ignition  event  initiated  by  a  mechanical  impact,  such  as  that  which  the  D2512  and  G86  tests 
attempt  to  induce,  is  one  final  possible  result  of  a  cascade  of  probabilistic  mechanisms.  These 
mechanisms  usually  occur  in  series  with  occasional  minor  overlapping  additive  effects. 

A  mechanical  impact  ignition  event  begins  when  an  indenting  impacter,  such  as  the  striker  in  the 
D2512  test,  starts  putting  a  load  onto  the  surface  of  the  specimen.  If  the  specimen’s  surface  isn’t 
oriented  almost  exactly  normal  to  the  loading  angle  of  the  indenter  and  if  the  specimen  isn’t 
restrained  from  off  load-axis  movement  but  the  indenter  is,  then  the  specimen  will  attempt  to 
reorient  its’  surface  to  be  normal  to  the  indenter’s  loading  axis.  In  a  load  versus  time  plot  of  a 
D2512  test  this  appears  as  a  brief  load  and  unload  jitter.  It  occurs  in  the  D2512  test  because 
extrusion  drawn  cups  and  stamped  specimen  support  discs  (See  figure  5)  are  used.  Their 
surfaces  are  not  flat  nor  are  they  parallel.  This  would  cause  the  surface  of  a  D2512  specimen  to 
not  be  aligned  parallel  as  depicted  in  figure  171  to  the  flat  loading  face  of  a  punch  like  D2512 
striker-indenter.  Under  loading,  the  specimen  and  disc  would  jitter  until  a  sufficiently  parallel 
alignment  of  the  specimen’s  face  to  the  striker’s  punch  face  allowed  a  sufficient  number  of  the 
contacting  asperity  points  described  in  the  Theory  Section:  Kinetic  Friction  to  physically  attach  or 
“stick”  the  specimen  to  the  striker.  The  jitter  would  then  stop  and  the  impacter  or  striker  contact 
area  would  be  circular  as  depicted  in  figure  171 . 

The  striker  would  then  proceed  to  load  the  specimen  developing  a  “Hertzian  like”  stress  field 
described  in  figure  16  of  the  Theory  Section:  Hertzian  Fracture.  This  stress  field  development 
would  then  proceed  until  a  Hertzian  ring  crack  followed  immediately  by  a  cone  crack  was  formed 
in  an  area  of  the  specimen  external  to  the  striker  as  conceptionally  depicted  in  figure  172  a. 
Examples  of  these  in  the  returned  residuals  are  depicted  in  figures  94-97.  At  the  inflection  point  of 
the  sharp  spikes  in  figure  170’s  Load  Versus  Time  Plots,  the  most  fully  developed,  and  complete 
Hertzian  ring  and  cone  crack  appears  in  the  specimen. 

The  load  at  which  the  Hertzian  ring  and  cone  crack  forms  is  probabilistic.  The  load  is  determined 
by  the  size  of  the  most  critical  surface  flaw/crack  originally  in  the  specimen’s  surface.  An 
example  of  what  the  original  surface  flaw/cracks  size  distribution  might  look  like  is  shown  in  figure 

23.  This  size  distribution  translates  into  a  probabilistic  distribution  of  loads,  as  implied  by  figure 

24,  needed  to  form  the  ring  and  cone  cracks.  This  crack  formation  absorbs  some  of  the  striker’s 
original  72  Ft  Lbs  of  energy.  The  higher  the  load,  the  more  energy  absorbed  and  the  less  energy 
available  to  cause  future  failure  types  and  phenomena.  After  the  crack  is  formed,  the  indenting 
impact  load  imparted  to  the  specimen  drops;  usually  to  zero. 

Due  to  the  nature  of  the  D2512  test,  the  specimen’s  alignment  with  the  punch-like  indenting 
striker  will  never  be  perfectly  concentric.  As  seen  in  figure  171  the  actual  concentricity  can 
deviate  substantially.  With  this  non-concentricity,  the  Hertzian  stress  field  developed  in  the 
specimen  vectorially  sums  to  the  net  tensile  transverse  load  depicted  in  figure  171 .  When  the 
Hertzian  crack  forms  this  transverse  load  causes  a  spring  back  movement  of  the  specimen  which 
shears  the  contacting  asperities  physically  attaching  or  “sticking”  the  specimen  to  the  striker. 
Figures  137-139  provide  examples  of  the  real  area  of  these  contacting  asperities.  The  flattened 
plateaus  are  the  small  actual  physical  contact  areas  between  the  specimen  and  the  striker.  The 
specimen  then  moves  or  “slips”  under  the  still  descending  striker  as  conceptionally  depicted  in  the 
change  from  figure  172  b  to  172  c.  The  specimen’s  movement  shifts  portions  of  the  original 
surface  from  under  the  indenting  striker  to  outside  of  it.  This  slippage  continues  until  new 
contacting  asperities  physically  reattach  or  “stick”  the  specimen  to  the  striker.  As  a  result  of 
having  experienced  the  spike  compressive  and  tensile  transverse  loadings,  the  original  surface 
cracks  in  the  specimen  become  larger. 

The  striker  again  begins  to  put  load  onto  the  surface  of  the  specimen.  The  load  redevelops  an 
approximation  of  the  Hertzian  stress  field  in  the  damaged  specimen.  The  specimen  now  has  a 
previously  developed  Hertzian  ring  and  cone  crack  in  it  and  a  more  diverse  set  of  larger,  most 
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Figure  171,  Conceptual  D2512  Striker  Specimen  Cup  Alignment  and  Its  Effects 
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critical  surface  cracks.  The  indenting  load  rises  until  another  Hertzian  ring  and  cone  crack 
develops.  The  indention  load  again  drops.  The  specimen  slips  again.  More  new  surface  is 
exposed.  New  contacting  asperities  are  created  and  the  load  climbs  again.  This  erratic  cycle  of 
“sticking,  increasing  load,  Hertzian  cracking,  falling  load  with  slipping”  (SLCLS),  conceptionally 
depicted  in  figures  172  a  thru  h,  repeats  itself  many  times. 
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Figure  172,  Conceptual  SLCLS  Derived  Stacked  Hertzian  Cone  Crack  Development  Cycle 
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Due  to  the  increasing  damage  and  shrinking  potential  nominal  specimen  surface  contact  area  of 
these  subsequent  SLCLS’s  the  probability  of  good  parallel  alignment  of  the  specimen’s  surface  to 
the  striker’s  flat  punch  face  becomes  lower.  The  resultant  nominal  impacter  contact  area  during 
the  sticking,  loading  and  cracking  portions  of  these  subsequent  SLCLSs  would  look  more  like  the 
crescent  shape  depicted  in  figure  171 .  (The  first  and  most  completely  circular  shaped  Hertzian 
crack,  created  during  the  spike  portion  of  the  load  versus  time  portions  of  figure  170’s  curves, 
would  be  generated  by  an  almost  or  completely  circular  shape  contact.)  This  actual  loading 
nominal  contact  area  looks  more  like  that  of  the  Vickers  or  Knopp  indenter  depicted  in  figure  27. 

It  would  generate  the  partially  circular  Hertzian  ring  and  cone  cracks  depicted  in  figure  26  and 
conceptionally  depicted  in  figure  173.  Due  to  the  sharp  points  on  the  crescent  shaped  nominal 
contact  area,  these  SLCLS’s  would  also  generate  straight  flaring  cracks  (See  figure  26),  like 
those  shown  in  figures  106-109,  coming  off  of  these  stress  concentration  points.  These  straight 
flaring  cracks  would  produce  the  straight  sided  residuals  shown  in  figures  128-130.  They,  in  the 
initial  specimen,  span  from  under  to  outside  of  the  impacter. 
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Figure  173,  Conceptual  Straight,  Knobs  And  Conchoidal  Fractures  Residuals 

The  repeated  manifestation  of  the  SLCLS  cycle  phenomena  is  known  as  stick  slip  kinetic  friction. 
Its  manifestation  indicates  that  the  specimen  slides  under  the  striker  during  a  D2512  impact  drop 
test.  This  kinetic  friction  sliding  happens  during  the  slightly  rising  plateau  region  of  the  load 
versus  time  plots  described  in  “Results  Section:  D2512  Load  Versus  Time  Plots”.  The  sliding  of 
the  specimen  distorts  the  Hertzian  stress  field  developed  into  the  shape  and  distribution 
described  in  figure  28.  The  combination  of  the  stick  slip  kinetic  friction  and  the  resultant  distorted 
hertzian  stress  field  generate  a  series  of  stacked  partial  crescent  shaped  hertzian  ring  and  cone 
cracks  with  straight  flare  cracks  coming  off  of  their  extreme  edges  as  depicted  in  figure  29  and 
conceptionally  depicted  in  figure  172  h. 
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Crescent  shape  residuals  of  D2512  specimens  that  had  experienced  stick  slip  kinetic  friction 
during  the  impact  test  were  originally  located  on  the  specimen  both  outside  of  and  under  the 
indenting  striker.  The  differences  in  their  widths  is  an  indication  of  the  distance  the  specimen  slid 
during  a  SLCLS  cycle.  The  initial  degree  of  specimen  to  striker  non-concentricity  alignment  (See 
figure  1 71 )  for  a  set  SLCLS  cycle  results  in  a  set  magnitude  of  the  transverse  tensile  load  on  the 
specimen.  When  a  hertzian  crack  forms,  that  transverse  load  determines  the  distance  of  the 
specimen’s  movement  before  the  creation  of  movement  restraining  contact  aspirates.  A  small 
transverse  load  would  result  in  the  close  stacking  of  hertzian  cracks  seen  in  the  residuals 
originally  from  outside  of  the  strikers  nominal  contact  area.  Figures  98-101  provide  examples  of 
these  closely  stacked  Hertzian  cracks.  If  some  of  the  specimen  material  between  those  cracks 
were  later  broken  off  that  would  generate  the  thin  width  crescents  found  in  the  powder  residuals. 
Figures  144-147  depict  examples  of  these  thin  crescents.  A  large  transverse  load  resulting  from 
a  substantial  initial  non-concentricity  would  result  in  a  large  distance  between  hertzian  cracks.  It 
would  produce  the  large  width  crescent  examples  shown  in  Figures  122-124.  These  crescents 
are  conceptionally  depicted  in  figure  174. 
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Figure  174,  Conceptual  Crescent  Residuals 

An  additional  consequence  of  poor  parallel  alignment  of  the  specimen’s  surface  to  the  striker’s 
flat  punch  face  is,  according  to  Cotterell  et  al,  an  increased  tendency  of  the  indenter  to  generate 
extreme  hertzian  cone  cracks  or  conchoidal  fractures.  The  sequential  generation  of  an  extreme, 
followed  by  a  typical,  hertzian  cone  crack  from  two  back-to-back  SLCLS  cycles  would  also 
generate  residuals  with  knob-like  structures  along  one  edge.  Figures  102-105  and  125-127 
depict  the  knob  and  conchoidal  fractures  which  this  type  of  sequence  would  generate.  These 
conchoidal  fractures  and  knobs  are  conceptionally  depicted  in  figure  173.  While  these  figures 
only  provide  examples  of  the  phenomena,  the  number  of  composite  residuals  exhibiting  these 
features  which  originated  from  under  the  impacter  and  had  experienced  some  SLCLS  cycles 
were  roughly  equal  to  the  number  which  originated  from  outside  the  impacter  and  had 
experienced  the  first  two  SLCLS  cycles.  For  the  neat  resin  all  of  the  residuals  exhibiting  these 
features  originated  from  outside  the  impacter  and  had  experienced  the  first  two  SLCLS  cycles. 
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Overall  the  sliding  of  the  specimen  during  the  impact  test  allows  for  a  more  accurate  simulation  of 
a  real  impact  event  in  a  LOX  component  such  as  a  tank  etc.  In  a  real  impact  the  impacted  item’s 
movement  (simulated  by  the  D2512  specimen)  will  be  substantially  restrained  and  the  impacter’s 
movement  (simulated  by  the  striker)  will  be  completely  unrestrained.  This  is  essentially  the  exact 
opposite  of  the  specimen  and  striker’s  mobility  in  a  D2512  impact  test.  Also  the  probability  that 
the  impacter  will  strike  the  real  component  at  a  perfect  normal  orientation  to  its’  surface  is 
essentially  zero.  According  to  the  works  of  Lawn,  all  impacting  indenters  will  slide  to  some  extent 
during  the  indenting  impact.  The  extent  of  sliding  is  a  function  of  the  deviation  from  normal  of  the 
initial  contact  (i.e.  poor  parallel  contacting  surface  alignment)  and  the  speed  of  the  impacter.  The 
D2512  impact  test  simulates  both  the  sliding  and  the  poor  parallel  alignment  of  a  real  impact 
event  by  allowing  the  specimen  to  move  unrestrained.  The  final  fracture  results  indicate  that  the 
same  path  in-specific  end  fractures  and  sliding  occur. 

The  combination  of  a  specimen  exhibiting  a  series  of  structurally  weakening  stacked  Hertzian 
cracks  outside  of,  and  not  directly  loaded  by,  the  impacter  with  fractured  residuals  under,  and 
being  loaded  by,  the  impacter  sets  up  what  in  effect  amounts  to  a  “pressure”  or  force  gradient  as 
conceptionally  depicted  in  figure  175.  The  gradient  goes  from  the  highly  compressively  loaded 
region  of  the  specimen  under  the  indenter  to  the  zero  compressively  loaded  region  of  the  stacked 
Hertzian  cracks  outside.  This  gradient  causes  the  under  the  impacter  residuals  to  move  towards 
the  “vent”  presented  by  the  structurally  weakened  stacked  Hertzian  cracks  area.  As  they  move 
they  slide  and  rub  against  one  another  and  the  structural  remains  of  the  original  specimen.  This 
rubbing  is  a  manifestation  of  kinetic  friction  known  as  third  body  abrasion. 
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Figure  175,  Conceptual  Fractured  Residuals  Force  Gradient  Driven  Movement 

Simultaneous  with  the  flow  of  residuals  from  under  the  indenting  impacter  the  overall  SLCLS 
cycling  stops.  The  overall  original  specimen  stops  slipping  out  from  under  the  impacting  striker 
and  a  steady  parabolic  build  up  or  climb  of  the  load  on  what  remains  of  the  specimen  begins. 
This  climbing  parabolic  load  build  up  generates  intense  compressive  and  shear  loads  in  the 
residuals  and  the  remains  of  the  original  specimen  under  the  impacting  striker.  These 
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compressive  and  shear  loads  severely  fracture  the  original  specimen  under  the  indenter  as 
depicted  in  figure  22  c,  d  and  e  and  conceptionally  depicted  in  figure  176.  According  to  Lawn  this 
fracturing  can  even  progress  to  comminution  in  which  the  individual  fractured  residuals  inflict 
further  fractures  on  each  other.  Comminution  is  common  in  the  particulate  size  reduction 
crushing  of  isotropic  materials  such  as  rock.  This  fracturing  generates  a  substantial  portion  of  the 
coarse  powder  residuals  depicted  in  figures  140-143. 

The  crescent  powder  residuals  occur  when  the  residuals  under  the  parabolically  climbing  load  of 
the  striker  are  forced  by  the  “pressure”  or  force  gradient  depicted  in  figure  176  to  be  driven 
through  the  sleeves  of  the  original  material  created  by  the  close  stacking  of  Hertzian  cone  cracks 
depicted  in  figure  172.  Some  portions  of  the  sleeves  are  broken  off  from  their  tenuous  connection 
with  the  original  specimen  by  this  on  rushing  flow  of  other  residuals  towards  the  “vent”  presented 
by  the  structurally  weakened  stacked  Hertzian  cracks  area.  This  generates  some  of  the  small 
crescents  seen  in  the  powder  residuals  depicted  in  figures  144-147.  They  too  slide  and  rub 
against  one  another,  the  other  types  of  residuals  and  the  remains  of  the  original  specimen.  This 
rubbing  is  once  again  more  third  body  abrasion  kinetic  friction. 
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Figure  176,  Conceptual  Parabolically  Increasing  Load  And  Powder  Residuals 
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The  force  gradient  induced  flow  of  residuals,  from  the  size  of  large  crescents  down  to  crushed 
powder,  causes  them  to  slide  over  and  against  each  other  and  against  the  “walls”  formed  by  the 
stacked  Hertzian  cracks  of  the  original  remaining  outside  of  the  indenter  specimen.  This  sliding 
kinetic  friction  causes  their  contacting  surfaces  to  abrade,  transforming  originally  jagged  fractured 
surfaces  into  smooth  curves  occasionally  covered  with  abrasion  residue.  Figures  110-113,  131- 
133,  and  148-151  exhibit  the  signs  of  this  kinetic  friction  abrasion  in  residuals  originating  from 
outside  of  and  under  the  impacter  and  in  the  powder.  For  the  composite  residuals  the  abrasion 
occurs  at  surfaces  that  are  typically  oriented  roughly  perpendicular  to  the  plies  or  flat  along  one 
ply.  For  the  neat  resin  these  abrasion  surfaces  are  oriented  roughly  in  line  with  the  surfaces 
formed  by  the  stacked  Hertzian  cracks. 

For  the  transient  and  brief  D2512  mechanical  impact  event,  this  kinetic  friction  abrasion  is  one 
pass  initial  friction  as  opposed  to  multiple  passes  steady  state  friction.  Also  the  magnitude  of  the 
normal  loads  required  to  achieve  the  material  removal  depicted  in  figures  110-113,  131-133,  and 
148-151  in  one  pass  would  need  to  be  very  large;  possibly  as  large  as  the  loads  measured  in  the 
increasing  portion  of  the  parabolic  range  of  figure  170’s  load  versus  time  plots.  But  the  exact 
measurement  of  these  loads  is  impossible  and  they  could  range  from  small  up  to  the  load 
depicted  in  figure  170  at  a  particular  time  point  on  the  increasing  parabolic  portion  of  the  curve. 
While  it  is  also  impossible  to  directly  measure  the  kinetic  friction  sliding  speeds  at  which  these 
residuals  are  sliding  on  one  another,  an  approximation  would  be  that  they  are  experiencing 
sliding  speeds  roughly  equivalent  to  the  indenting  striker’s  descent  speed  of  roughly  3.5  to  1 .0 
meters  per  sec.  These  loads  and  striker  speeds  exhibit  an  inverse  correlation  at  any  particular 
time  on  the  front  side  of  the  parabolic  portion  of  the  load  versus  time  curves. 

At  this  point  in  the  mechanical  impact  the  kinetic  mechanical  energy  of  the  impacting  striker 
proceeds  to  be  converted  into  thermal  temperature  rising  energy  by  the  phenomena  of  kinetic 
friction.  During  the  force  gradient  induced  flow  of  the  residuals  the  temperature  of  each  sliding 
contacting  surface  would  dramatically  rise  to  a  random  temperature  within  a  range  as  a  result  of 
the  intense  local  heating  generated  by  kinetic  friction.  Figures  1 14-1 17,  134-136  and  152-155 
depict  examples  of  all  types  of  the  residuals  which  exhibit  indications  of  having  been  intensely 
heated.  In  many  cases  they  exhibit  the  traces  of  frictional  heating  depicted  in  figure  39.  As 
detailed  in  the  Theory  Section:  Kinetic  Friction  section  this  range  is  defined  by  a  parabolic 
probabilistic  curve.  If  all  relevant  kinetic  friction  parameters  can  be  measured  its  apex,  feet  and 
general  shape  can  be  detailed  using  the  equations,  some  of  which  are  listed,  in  table  9. 
Unfortunately,  for  this  effort  and  for  most  examples  of  kinetic  friction  temperature  rises,  almost  all 
of  these  parameters  can  not  be  directly  measured.  Fortunately  a  notion  of  their  magnitudes  and 
an  implication  of  how  they  would  shape  and  distort  these  curves  can  be  inferred. 

All  possible  temperature  rises  and  the  relative  number  of  those  rises  resulting  from  kinetic  friction 
are  described  by  a  parabolic  temperature  distribution  curve  of  which  examples  are  depicted  in 
figure  34.  The  area  under  one  of  these  parabolic  temperature  distribution  curves  represents  one 
hundred  percent  of  all  of  the  possible  temperature  rises.  If  some  key  physical  transformation,  like 
ignition,  occurred  at  a  set  temperature  that  was  encompassed  by  the  kinetic  friction  parabolic 
temperature  rises  distribution  curve,  then  the  probability  of  a  material’s  temperature  being  risen  to 
or  above  that  temperature  by  the  kinetic  friction  sliding  of  any  one  contacting  set  of  asperities 
would  be  the  ratio  of  the  area  under  the  parabolic  curve  above  that  temperature  to  the  area  under 
the  total  curve. 

The  temperature  span  of  the  kinetic  friction  parabolic  temperature  distribution  curve  can  be 
determined  by  first  defining  its’  apex  known  as  ATMaXAvg.  For  the  fast  kinetic  friction  sliding  which 

is  most  likely  occurring  at  this  point  in  a  D2512  test  and  the  assumption  that  the  sliding  contacting 
asperities  are  circular  or  square  in  shape  this  is  determined  by  the  following  equation  from 
table  9:  ATMaXA  =  0.236  p  P  v  /  l(K+0.88K(sqrt(vlDs/K))). 

Avg 

where  p:  coefficient  of  sliding  friction,  P:  normal  load,  v:  sliding  speed,  D:  density 
I:  V2  asperity  sliding  direction  length,  s:  specific  heat,  K:  thermal  conductivity 
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Once  the  apex  is  defined  then  for  any  specific  set  of  the  above  parameters  the  feet  of  the 
parabola  can  be  defined.  The  highest  temperature  foot  is  known  as  ATMaXMax  and  for  the  same 

specific  set  of  parameters  it  can  also  be  determined.  Assuming  that  the  parabolic  distribution 
curve  is  symmetric,  the  other  foot  ATMaxMir|can  also  be  determined  from  ATMaxAvgand  ATMaXMax. 

As  the  time  associated  with  the  temperature  rises  resulting  from  the  sliding  of  contacting 
asperities  is  as  per  the  Theory  Section:  Kinetic  Friction  roughly  0.00003  sec  and  the  average  time 
span  of  the  parabolic  load  rises  in  the  load  versus  time  plots  of  figure  170  is  0.0003  sec  all  of  the 
variables  needed  to  calculate  ATMaxAvgand  ATMaxMax  and  define  the  parabolic  temperature 

distribution  curve  can  be  considered  constants  at  an  arbitrary  “instant”.  But  in  any  one  arbitrary 
0.00003  sec  “instant”  some  of  these  variables  will  change  depending  on  the  type  of  material 
making  up  the  sliding  contacting  asperities  and  the  orientation  of  any  reinforcing  fibers  to  the 
sliding  surface. 

The  size  of  the  sliding  asperities  of  the  composite  residuals  will  differ  significantly  depending  on 
the  orientation  of  the  fibers  to  the  sliding  surface.  A  close  study  of  the  residuals  depicted  in 
figures  110-113,  131-133,  148-151  and  169  implies  that  these  asperities  come  in  two  distinct  size 
classes.  For  contacting  asperities  sliding  perpendicular  to  the  plies  these  asperities  appear  to  be 
of  the  size  of  small  rounder  bundles  of  fibers.  This  would  imply  that  these  asperities  have  sliding 
lengths  on  the  order  of  0.0001s  meters.  For  contacting  asperities  sliding  along  a  ply  these 
asperities  appear  to  be  scrapes  along  the  axis  of  sheets  of  fibers.  This  would  imply  that  these 
asperities  have  sliding  lengths  on  the  order  of  0.001s  meters. 

The  thermal  conductivity  of  the  sliding  asperities  of  the  composite  residuals  will  differ  significantly 
depending  on  the  orientation  of  the  fibers  to  the  sliding  surface.  The  plots  of  the  various 
composite’s  in  plane  and  transverse  thermal  conductivity  depicted  in  figure  92  and  tabulated  in 
table  24  indicates  substantial  differences  between  the  two  orientations.  The  differences  between 
the  in  plane  and  transverse  bulk  thermal  conductivities  of  the  YSH  50  and  YSH  60  composites 
are  1850  and  2100  percent,  for  the  T650-35  composite  it  is  140  percent.  For  contacting  asperities 
sliding  perpendicular  to  the  plies  the  conductivity  would  be  the  highest.  For  contacting  asperities 
sliding  along  a  ply  the  conductivity  would  be  the  lowest. 

For  any  particular  contacting  asperity  the  correlation  between  the  length  and  the  thermal 
conductivity  is  inverse.  For  the  contacting  asperities  sliding  perpendicular  to  the  plies  they  exhibit 
the  largest  thermal  conductivities  associated  with  the  smallest  lengths.  For  contacting  asperities 
sliding  along  a  ply  they  exhibit  the  smallest  thermal  conductivities  associated  with  the  largest 
lengths.  The  overall  implication  of  this  correlation,  all  other  parameters  defining  ATMaxAvgand 

ATMaxMaxheld  constant,  would  be  a  flattening  and  broadening  of  the  parabolic  temperature 

distribution  curve  and  a  shifting  down  towards  lower  temperatures.  Based  upon  the  1000’s  of 
percents  increase  in  the  in  plane  thermal  conductivity  of  the  YSH  fibered  composites  over  the 
T650-35  fibered  composites  detailed  in  table  24  the  width  of  the  YSH  fibered  composites 
parabolic  temperature  rise  distribution  curve  would  be  substantially  broader  than  that  of  the  T650- 
35  fibered.  But  since  there  is  only  a  roughly  200  percent  difference  between  their  very  low 
transverse  thermal  conductivities  both  would  exhibit  high  and  similar  ATMaxMax  high  temperature 

foots. 

The  coefficient  of  friction  of  the  sliding  contacting  asperities  of  the  composite  residuals  will  differ 
significantly  depending  on  the  type  of  the  fibers  used  to  make  the  D2512  specimens. 

Examination  of  the  residuals  in  figures  114-117,  134-136  and  152-155  implies  that  many  of  them 
experienced  temperature  rises  far  in  excess  of  their  Tg’s.  5250-4  RTM,  the  matrix  material  used 
in  all  of  the  D2512  specimens,  has  a  Tg  greater  than  200°C.  As  per  the  Theory  Section:  Kinetic 
Friction  when  the  sliding  contacting  asperities  of  a  carbon  containing  material  causes  a 
temperature  rise  above  185°C  the  coefficient  of  friction  will  experience  a  substantial  step  function 
jump  of  up  to  400  percent.  Also  as  per  the  same  theory  section  when  a  filler  becomes  the  major 
constituent  in  an  end  material  its’  coefficient  of  friction  becomes  that  of  the  major  constituent.  All 


480 


of  the  composite  D2512  specimens  had  Fv’s  of  63.6  percent,  therefore  the  coefficient  of  frictions 
exhibited  by  their  respective  sliding  contacting  asperities  was  that  of  the  fibers.  The  T650-35  fiber 
is  predominately  carbon,  where  as,  the  YSH  fiber  is  predominately  graphite.  Therefore  the 
temperature  rises  which  the  sliding  contacting  T650-35  fibered  composite  asperities  experienced 
would  dramatically  jump  when  those  temperatures  exceeded  185°C.  The  temperature  rises 
which  the  sliding  contacting  YSH  fibered  composite  asperities  experienced  would  show  no 
noticeable  change  when  those  temperatures  exceeded  1 85°C.  This  would  change  the  shape  of 
the  T650-35  fiber  containing  sliding  asperities’  parabolic  temperature  rise  distribution  curve  by 
incorporating  a  canyon-like  gap  followed  by  a  sharp  subsequent  spike. 

A  notional  approximation  of  the  relative  parabolic  kinetic  friction  temperature  rise  distribution 
curves  for  each  of  the  four  materials  investigated  by  this  effort  and  the  kinetic  friction  interaction 
between  the  striker  and  the  specimen  is  presented  in  figure  177.  These  curves  were  created  by 
alloying  all  of  the  previous  observations  concerning  the  various  parameters  defining  ATMax 

Avg, 

ATMaxMa)and  curve  shape,  compounding  them  with  the  knowledge  that  all  of  the  observations  of 

abrasion  and  intense  heating  were  the  result  of  kinetic  friction  temperature  rises  and  taking  into 
account  the  actual  D2512  testing  results  listed  in  table  23.  The  area  encompassed  under  each  of 
these  curves  has  been  normalized  to  represent  100  percent  of  all  kinetic  friction  temperature  rise 
events  for  that  material  or  component  interaction.  The  curves  also  incorporate  the  A&PI’s 
observation  that  multiple  examples  of  both  abrasion  and  intense  heating  resulting  from  kinetic 
friction  were  found  on  the  residuals  associated  with  each  individual  D2512  specimen  sample 
tested.  (Due  to  report  page  count  considerations,  which  would  require  hundreds  and  maybe  over 
a  thousand  additional  pages  of  substantiating  figures  to  support  this  observation,  these  “data 
point  pictures”  will  not  be  provided.) 

The  relative  parabolic  kinetic  friction  temperature  rise  distribution  curves  in  figure  177  provide  the 
clues  for  why  the  mildly  thermally  conductive  YSH  fibers  improve  a  composite’s  D2512  LOX 
compatibility  and  the  carbon  T650-35  fibered  composites  routinely  fail  the  D2512  LOX 
compatibility  test.  The  2300  to  2600  percent  increase  in  the  in  plane  thermal  conductivity  of  YSH 
fibered  composites  over  T650-35  fibered  composite’s  dramatically  shifts  the  ATMaxAvg  apex  and 

the  ATMaXMin  foot  of  the  temperature  rise  curves  which  kinetic  friction  directed  across  the  plies  can 

generate  to  significantly  lower  temperatures.  The  number  and  distribution  of  these  types  of 
kinetic  friction  temperature  rises  in  YSH  fibered  composites  is  routinely  below  the  matrix’s  Radical 
Chain  Scission  Degradation  and  ignition  temperature.  Unfortunately  the  200  percent  increase  in 
the  transverse  thermal  conductivity  of  YSH  fibered  composites  over  T650-35  fibered  composite’s 
shifts  the  ATMa)<Max  foot  of  the  temperature  rises  which  kinetic  friction  along  the  plies  can  generate 

to  only  marginally  lower  temperatures.  Also  for  the  YSH  fibered  composites  a  small  but  real 
portion  of  the  kinetic  friction  temperature  rises  described  by  these  curves  is  above  the  Radical 
Chain  Scission  Degradation  and  Ignition  temperatures  of  the  matrix  and  will  leave  a  rare 
occasional  indication  of  ignition  as  described  in  table  7  of  the  Theory  Section:  Ignition  Event. 

The  fact  that  the  T650-35  fiber  is  primarily  carbon  causes  its  composite’s  distribution  curve  to 
exhibit  a  strong  bimodal  shape  split  by  a  canyon  like  gap.  One  small  mode  being  below  carbon’s 
dramatic  coefficient  of  friction  rise  at  185+°C  and  the  other  larger  mode  being  well  above  the 
Radical  Chain  Scission  Degradation  and  Ignition  temperatures  of  the  matrix.  With  multiple 
evidences  of  kinetic  friction  occurring  in  any  one  T650-35  fibered  specimen’s  D2512  test,  to  find 
only  one  out  of  twenty  of  those  tested  specimens  with  out  any  indication  of  ignition  as  described 
in  table  7  of  the  Theory  Section:  Ignition  Event  is  astonishing. 

Due  to  its  very  poor  isotropic  thermal  conductivity  and  moderately  high  coefficient  of  friction  the 
kinetic  friction  temperature  rise  distribution  curve  of  the  5250-4  RTM  specimens  would  be  a  sharp 
narrow  peaked  parabola.  All  of  its  kinetic  friction  induced  temperature  rises  would  be  definitively 
detected  as  ignitions. 
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Relative  Notional  Kinetic  Friction  Induced  Overall 
Temperature  Rise  Distribution  Curves  For: 
Composites: 

YSH60  /  5250-4  RTM  =  =  =  =  = 

YSH50  /  5250-4  RTM 

T650-35  /  5250-4  RTM  - 

Resin: 

5250-4  RTM 


/ .  n  __  .  Temperature  Rise  Resulting  From  Kinetic  Friction  RHG  9/05 

( LOX  Boiling  Point)  H  y 


Figure  177,  Notional  Kinetic  Friction  Induced  Temperature  Rise  Distribution  Curves 

The  fiber  matrix  interfaces  of  composites  are  essentially  clamped  interference  friction  fits 
consisting  of  an  enormous  array  of  contacting  asperities  up  and  down  the  fiber’s  length  as 
generally  depicted  in  figure  30.  As  all  D2512  specimens  are  soaked  for  30  to  60  minutes  in  LOX 
before  the  impact  test,  the  LOX  will  literally  flow  in  from  the  cored  edges  along  the  length  of  the 
fiber,  around  the  asperities  saturating  the  entire  composite  specimen.  During  the  parabolically 
increasing  load  portions  of  the  curves  in  figure  170,  the  gradient  driven  flow  of  the  residuals  will 
cause  them  to  slide  against  the  stacked  Hertzian  cracks.  This  sliding  will  result  in  kinetic  friction 
heating  at  various  contacting  asperities  points  all  along  the  up  slope  edge  of  these  stacked 
cracks.  Some  of  the  cracks  will  be  bent  and  break  off.  Many  of  these  asperities  will  induce 
temperature  rises  at  the  immediate  Hertzian  crack  surface  of  these  LOX  saturated  composites 
high  enough  to  kick  off  the  peroxide  oxidation  radical  addition  chemistry  depicted  in  figure  12c  of 
the  Theory  Section:  Ignition  Event.  When  this  occurs  the  gaseous,  volatile,  partially  oxidized, 
peroxide  chemistry  fuel  products  listed  in  table  5  will  be  very  rapidly  generated.  This  will  generate 
the  substantial  pressure  pulse  depicted  in  figure  178  at  the  crack  surface.  This  pressure  pulse 
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will  act  like  a  wedge  causing  a  double  cantilever  beam  load  perpendicular  to  the  fiber  plies  which 
will  cause  them  to  spilt  or  crack  along  the  plies  and  in  some  instances  through  a  ply.  This  would 
break  the  remaining  closely  packed  Hertzian  cracks  all  along  the  length  of  the  Hertzian  crack  and 
generate  the  thin  thickness  (routinely  one  to  three  plies  thick),  thin  width  crescents  found  in  the 
powder  residuals  of  the  composite  specimens.  The  combination  of  the  pressure  pulses  and  the 
gradient  force  residual  flow  causes  these  in  ply  cracks  to  propagate  to  the  edge  of  the  original 
specimen  or  to  another  Hertzian  crack  behind  kinetic  friction  surface  plunging  deeper  into  the 
specimen.  The  later  type  of  in  ply  cracks  would  generate  low  height  knob  like  structures,  such  as 
those  seen  in  figures  103-105,  on  the  residuals. 
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Figure  178,  Conceptual  Low  Height  Knobed  Residual  Creation 


483 


The  D2512  specimens  impacted  in  LN2  did  not  exhibit  these  low  height  knobs.  They  instead 
exhibited  higher  height  knobs  and  many  more  instances  of  them.  This  would  indicate  that  their 
knobs  were  created  primarily  by  being  broken  off  by  the  gradient  driven  residuals  flow  as  nitrogen 
does  not  become  reactive  until  the  environment’s  temperature  rises  into  the  low  1000+°C;  a 
temperature  only  attained  by  the  only  sample  rejected  for  being  contaminated,  5250-4  RTM  neat 
resin  sample  12. 

The  load  imposed  on  the  original  specimen  continues  to  climb  up  the  parabolic  section  of  the  load 
versus  time  curves  depicted  in  figure  170.  During  this  climb  the  force  gradient  driven  flow  of 
powdered  residuals  is  jetted  out  the  vent  formed  by  the  stacked  hertzian  cracks  as  depicted  in 
figure  1 79  and  is  sprayed  onto  the  inner  surface  of  the  LOX  containment  cups.  The  form  of  these 
sprays  can,  as  depicted  in  figures  164  through  167,  ranges  from  small  spots  to  diffuse  bands. 

These  jets  would  also  leave  a  smear  of  particles  up  the  side  of  the  hertzian  cracks.  They  would 
slide  up  the  side  of  the  hertzian  cracks  and  subsequently  heat  up  from  the  kinetic  friction  to 
temperatures  described  by  the  parabolic  curves  in  figure  177.  Some  of  these  temperature  rises 
would  result  in  the  intense  heat  exposure  exhibited  by  the  powder  residuals  shown  in  figures  152- 
155,  some  would  cause  ignitions. 
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Figure  179,  Conceptual  Powder  Jets  Creation 
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The  climbing  parabolic  load  build  up  continues.  It  generates  even  more  intense  compressive  and 
shear  loads  in  the  residuals  and  the  remains  of  the  original  specimen  under  the  impacting  striker. 
These  more  intense  compressive  and  shear  loads  severely  fracture  even  more  of  the  original 
specimen  under  the  indenter  as  depicted  in  figure  180.  This  fracturing  erodes  away  at  the 
original  specimen  beneath  the  striker  until  the  loads  in  it  become  effectively  all  tensile.  When  this 
occurs,  the  remains  of  the  original  specimen  effectively  become  a  miniature  “pressure  vessel” 
containing  the  loaded  coarse  powder  which  is  now  acting  like  a  “pressurized”  fluid. 
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Figure  180,  Conceptual  Severe  Fracturing  Under  The  Impacter 
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The  climbing  parabolic  load  build  up  continues,  approaching  and  achieving  the  apex  of  the 
parabolic  section  of  the  curves  in  figure  170.  It  generates  the  intense  tensile  hoop  loads  depicted 
in  figure  181  in  what  remains  of  the  original  specimen  outside  of  the  striker.  It  also  causes  vent 
cracks  to  form  in  what  remains  of  the  original  specimen  under  the  striker.  As  described  in  the 
Theory  Section:  Hertzian  Fracture  and  depicted  in  figure  22  these  vent  cracks  are  tensile  failures 
occurring  in  a  specimen  located  below  the  striker’s  center  and  edge.  These  vent  cracks  are  seen 
in  many  of  the  neat  resin  residuals  but  nothing  resembling  them  were  detected  on  any  of  the 
composite  residual’s  fracture  surfaces. 
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Figure  181,  Conceptual  Tensile  Hoop  Loads 
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When  the  load  increases  to  the  apex  of  the  parabolic  section  of  the  load-versus-time  curves  the 
remains  of  the  original  specimen  outside  of  the  striker  fail  in  tension  generating  the  tensile 
fracture  surfaces  at  the  outer  “wing”  positions  of  the  residuals  depicted  in  figures  118-121.  This 
tensile  hoop  failure  causes  the  residuals  created  by  it  to  be  thrust  out  towards  the  wall  of  the  LOX 
cup  as  depicted  in  figure  182.  They  then  impact  the  LOX  cup’s  wall  along  the  original  specimen’s 
cored  outer  edge.  This  impact  causes  the  flattening,  crushing  and  chipping  damage  to  the 
backside  cored  edges  of  the  residuals  depicted  in  figure  183.  Figures  160-163  provide  examples 
of  the  backside  impact  damage  done  to  some  of  the  residuals. 


Striker  External  D2512  Specimen  Residuals 


Figure  182,  Conceptual  Tensile  Hoop  Failure 


487 


Striker  External  D2512  Specimen  Residuals 


Note:  D2512  Specimen  And  Striker  Not  To  Scale 


Figure  183,  Conceptual  Backside  Impact  Damage 

For  the  neat  resin  specimens  that  were  D2512  tested,  occasionally  some  of  the  returned 
residuals  appeared  to  consist  of  flat  cakes  of  fused  together  powder.  Some  examples  of  these 
resin  “cakes”  are  depicted  in  figure  152.  Many  also  appeared  to  have  had  portions  that  appeared 
to  have  melted  and  flown  to  form  a  glossy  surface  or  stringers.  These  cakes  were  most  likely 
generated  by  a  mechanism  analogous  to  hot  isostatic  pressing  with  the  heat  being  generated  by 
the  kinetic  friction  of  the  particles  sliding  over  one  another. 
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Conclusion 


This  research  effort  has  successfully  achieved  its  two  objectives.  The  first  was  to  determine  if  a 
composite,  using  thermally  conductive  reinforcement  fibers  instead  of  the  standard  conventional 
carbon  fibers  used  to  date,  suitable  to  the  fabrication  of  axisymmetric  tanks,  ducts,  and  lines  and 
exhibiting  in-plane  Ks  comparable  to  metals  (which  regularly  pass  D2512),  can  be  found  which 
either  passes  or  comes  close  to  passing  D2512.  The  second  objective  was  deduce  and  to  better 
understand  what  happened  to  the  specimens  during  the  D2512  test.  In  achieving  these 
objectives  it  has  accomplished  a  series  of  world  firsts. 

This  effort  successfully  and  repeatedly  demonstrated  that  using  a  thermally  conductive  fiber  could 
substantially  enhance  the  mechanical  impact  LOX  compatibility  of  a  composite  as  measured  by 
ASTM  D2512.  It  repeatedly  achieved  90  percent  of  the  goal  of  passing  the  ASTM  standard 
D2512  mechanical  impact  ignition  test  which  is  a  1700  percent  improvement  over  the 
experimental  baseline. 

This  effort  also  acquired,  sorted,  documented  and  cataloged  the  types  of  fracture  surfaces  which 
are  routinely  found  in  residuals  (of  the  types  of  materials  investigated  by  this  effort)  remaining 
after  the  impact  test  fractures  and  possibly  causes  the  ignition  of  a  specimen.  Based  upon  these 
fracture  surfaces,  Hertzian  fracture  was  shown  to  be  the  mechanism  by  which  a  specimen 
fractured  and  failed  in  a  D2512  test. 

The  exhaustive  analysis  of  the  residual  fracture  surfaces  also  lead  to  the  understanding  of  the 
mechanical-to-thermal  transformation  mechanism.  The  examined  fracture  surfaces  of  the 
residuals  routinely  indicated  that  kinetic  friction  had  occurred  during  a  D2512  test.  The 
examination  also  indicated  that  signs  of  intense  heating  were  associated  with  the  signs  of  kinetic 
friction.  Kinetic  friction’s  mechanical-to-thermal  transformation  mechanism  provided  the  only 
phenomenological  explanation  for  the  extremely  rapid  and  large  temperature  rises  required  for 
conditions  recognizable  as  ignition  to  occur  in  the  time  frame  of  a  D2512  mechanical  impact  test. 
It  also  provided  the  only  correlation  of  the  various  physical  parameters  varied  by  this  effort  to  the 
D2512  testing  results  obtained. 

Overall  the  effort  crystallized  the  sequence  from  fracture  to  heating  to  possible  ignition.  It  starts 
first  with  the  development  of  a  series  of  Hertzian  fractures.  These  allow  for  heavy  kinetic  friction 
of  the  Hertzian  fractured  material  to  occur.  This  kinetic  friction  then  provides  a  means  for  the 
mechanical  energy  to  become  temperature  rising  thermal  energy.  This  temperature  rising 
thermal  energy  causes  the  material  to  degrade  by  radical  chain  scission  and  then  oxidize  by 
radical  addition  peroxide  chemistry  to  a  degree  possibly  detectable  as  ignition. 
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Appendix:  Residuals:  Specimens  Remaining  In  The  Cup 
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Figure  Rif  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  Rli  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  Rlk  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 


11 


Sample  11  Reaction 


Figure  R1I  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  Rln  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  Rlr  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  RIs  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  Rlt-i  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  Rlt-ii  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R2a-i  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 


22 


* 


5250-4  RTM  LN2  Sample  1  RHGerzeski  1/05 


Figure  R2a-ii  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R2b-ii  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R2c-ii  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R3a  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3c  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3d  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3e  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3f  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3i  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3I  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3m  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3p  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3r  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3s  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R3t  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R4a-i  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R4a-ii  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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T650-35  /  5250-4  RTM  LN2  Sample  1  RHGerzeski  2/05 
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Figure  R4a-iii  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 


50 


Figure  R4b-i  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R4c-i  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R4c-ii  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R5a  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5c  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5d  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5e  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5f  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5g  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 


61 


Sample  8 
No  Reaction 


Figure  R5h  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5i  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5j  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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RHGerzeski  3/04 
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RHGerzeski  3/D4 


Specimen  12  No  Reaction 
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RHGarzesfci  3^34 


Sample  13 
No  Reaction 
YSH50  1 5250-4  RTM 


Figure  R5m  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5n  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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YSH50  /  5250-4  RTM 

RHGerzEski  3/04 


Sample  15 
No  Reaction 


Figure  R5o  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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YSH50  /  5250-4  RTM  *  \  FEB  27  2004 

RHG  6/04 


YSH50  /  5250-4  RTM 

Sample  16 


Figure  R5p  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5q  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5r  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R5s  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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RHGer*eski3/04 


Figure  R5t  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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YSH50  /  5250-4  RTM  RHGerzeski  3/04 

Sample  20  No  Reaction 


Sample  LN2 
YSH50  /  5250-4  RTM 
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Figure  R6a  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R6b-i  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R6b-ii  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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RHGerzeski  3/05 


Figure  R6c-i  YSH50A/  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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24  1  2005 


;  YSH50  /  5250-4  RTM  LN2  Sample  3 
'  RHGerzeski  3/05 


higure  R6c-ii  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R6d-i  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R6d-ii  YSH50A/  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Figure  R7a  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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YSH60  /  5250-4  RTM 
Sample  1  No  Reaction 
RHGerzeski  5/04 
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APR  16  2004 


Figure  R7c  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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APR  19  2004 


Figure  R7d  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7e  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7f  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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APR  20  2004 


Figure  R7g  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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APR  21  2004 


Figure  R7h  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7i  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7j-i  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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APR. 23  2004 


Figure  R7j-ii  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7k  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7l-i  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7m  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7n  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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YSH60  /  5250-4  RTM 
Sample  15  No  Reaction 
RHGerzeski  5/04 


Figure  R7o  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7p  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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YSH60  1  5250-4  RTM 
Sample  17  No  Reaction 
RHGerzeeki  S<04 


Figure  R7q  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Sample  IS  Ho  Reaction 
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Figure  R7r  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R7s  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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YSH60  1  5250-4  RTM 
Sample  20  No  Reaction 
RHGerzesfci  5/04 


Figure  R7t  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Residuals 
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Figure  R8b-i  YSH60A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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YSH60  /  5250-4  RTM  LN2  Sample  2  RHGerzeski  4/05 
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!  YSH60  /  5250-4  RTM  LN2  Sample  3  RHGerzeski  4/05 
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YSH60  /  5250-4  RTM 
LN2  Sample  4 
RHGerzeski  4/05 


Figure  R8d  YSH60A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Residuals 
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Appendix:  Residuals:  Discs 
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Figure  R9c  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9e  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9f  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9h  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9i  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9j  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9k  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9m  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9n  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9o  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9p  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9r  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9s  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R9t  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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5250-4  RTM  LN2  Sample  1  RHGerzeski  1/05 

10  1  2005 


Figure  RlOa  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Figure  RlOb  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Figure  RIOc  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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RHGerzeski  1/04 

T650-3S  /  5250-4  RTM  Reaction 

JAN  13  2004 

Figure  R1  la  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Specimen  2  Reaction  Disc  RHGerzeski  4/04 


2004 


Figure  R1 1b  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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JAN  13  2004 


Figure  R1 1c  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Disc 

Sample  4 
RHGerzeski  1/04 


JAN  13  2004 


Figure  R1  Id  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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JAN  13  2004 


Figure  R1 1e  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 


136 


Figure  R1  If  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  Rllg  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Disc 


Figure  R1 1h  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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JAN  13  2004 


Figure  R1 1  i  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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JAN  13  2004 


Figure  Rllj  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 


141 


Figure  R1 1  k  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Sample  12 
RHGerzeski  1/04 


T650-35  t  5250-4  RTM  Reaction 


JAN  13  2004 

Figure  Rill  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  Rllm  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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JAN  13  2004 

Figure  R1  In  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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T650-35  /  5250-4  RTM  Sample  15  Disc  Reaction  RHGerzeski  4^04 


JAN  13  2004 


Figure  R1 1o  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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T650-35  /  5250-4  RTM  Reaction  Sample  16  Disc  RHGerzeski  4/04 


JAN  13  2004 

Figure  Rllp  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R1 1q  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 


148 


Figure  R1 1  r  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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T650-35  /  5250-4  RTM  Reaction  Sample  19  Disc  RHGer-zeski  1/04 

JAN  13  2004 

Figure  R1  Is  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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T650-35 / 5250-4  RTM 
Sample  20  Reaction  Disc 
RHGerzeski  4/04 

Figure  Rllt  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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2005 


ample  1  RHGerzeski  2/05 

Figure  R12a  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Figure  R12b  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Figure  R13a  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R13c  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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RHGerzeski  3/04 


Figure  R13d  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Sample  4  RHGerzeski  3/04 


Figure  R13e  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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RHGerzeski  3104 

Sample  5 

YSH50  /  5250-4  RTM 
Sample  5  No  Reaction 


Figure  R13f  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Sample  7  No  Reaction  [J  £  4 

Figure  R13g  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Sample  7  RHGerzeski  3/04 


Figure  R13h  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R13i  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R13j  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 


YSH50  /  5250-4  RTM 
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Sample  10  RH1 


FEB  25  2004  RHGerzeski  3/04 

Figure  R13k  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Sample  12  No  Reaction 


FEB  26  2004 


Figure  R13I  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R13m  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R13n  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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RHGerzeski  3/04 
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Figure  R13p  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R13q  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R13s  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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MAR  2  2004 

Figure  R13t  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Sample  20 
RHGerzeski  3/04 
YSH50  i  5250-4  RTM 
Sample  20  No  Reaction 


YSH50  /  5250-4  RTM 
Sample  LN2 
RHGerzeski  3/04 


FEB  23  2004 

Figure  R14a  YSH50A/  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Figure  R14c  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Figure  R14d  YSH50A/  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Figure  R15a  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15b  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15d  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Sample  5  No  Reaction 
RHGerzesiki 


Figure  R15e  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15h  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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YSH60  /  5250-4  RTM 
Sample  10  No  Reaction 
RHGerzeski  5/04 


PR  22  2004 


Figure  R15j  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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YSH60  f  5250-4  RTM 
Sample  12  No  Reaction 
RHGerzesici  Si04 


Figure  R15I  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15m  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15n  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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YSH60  I  5250-4  RTM 
Sample  15  No  Reaction 
RHGerzeski  5/04 


Figure  R15o  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15p  YSH60A/ 5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15q  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15s  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R15t  YSH60A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Disc  Residuals 
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Figure  R16b  YSH60A/  5  250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Figure  R16c  YSH60A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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YSH60  /  5250-4  RTM  LN2  Sample  4  RHGerzeski  4/05 


Figure  R16d  YSH60A/  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Disc  Residuals 
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Appendix:  Residuals:  Cup 


Figure  R17a  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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5250-4  RTM 
Sample  2 
Reaction 

RHGerzeski  11/04 


Figure  R17b  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 


204 


Figure  R17c  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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5250-4  RTM 
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Reaction 
RHGerzeski  11/04 


206 
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Figure  R17e  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17f  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17g  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17h  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17j  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17k  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17I  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17m  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17n  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17o  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17p  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17q  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17r  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17s  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R17t  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R18a  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R18b  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R18c  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R19a  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 


226 


Figure  R19b  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R19c  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R20a  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH50  /  5250-4  RTM 
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Figure  R20b  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R20c  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH50  /  5250-4  RTM 
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Figure  R20g  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH50  /  5250-4  RTM 
Sample  7  No  Reaction 


Figure  R20h  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R20i  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH50  /  5250-4  RTM 
Sample  9  No  Reaction 
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Figure  R20j  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R20k  YSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH50  /  5250-4  RTM 
Sample  11  No  Reaction 
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Figure  R20I  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH50  /  5250-4  RTM 

Sample  13  No  Reaction 

RHG  6/04 


Figure  R20n  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R20o  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH50  /  5250-4  RTM 
Sample  16  No  Reaction 
RHG  6/04 


Figure  R20p  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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RHG  6/04 


Figure  R20q  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R20sYSH50A/  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R20t  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH50  /  5250-4  RTM 
Sample  20  No  Reaction 
RHGerzeski  3/04 


Figure  R21a  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R21b  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R21d  YSH50A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Sample  1 
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Figure  R22b  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH60  /  5250-4  RTM 
Sample  2  No  Reaction 
RHGerzeski  5/04 


Figure  R22c  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22d  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 


256 


YSHM  {  S2&CK4  RTM 
Sample  4  Read  Idn 
BHOtnewkl  6*04 


Figure  R22e  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH60  /  5250-4  RTM 
Sample  5  No  Reaction 
RHGerzeski  5/04 


Figure  R22f  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22g  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH60  /  5250-4  RTM 
Sample  7  No  Reaction 
RHGerzeski  5/04 


Figure  R22h  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22i  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22j  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH60  /  5250-4  RTM 
Sample  10  No  Reaction 
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Figure  R22k  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH60  /  5250-4  RTM  Sample  11  No  Reaction  RHGefiaalil  104 
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YSH60  /  5250-4  RTM 
Sample  12  No  Reaction 
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Figure  R22m  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH60  /  5250-4  RTM 
Sample  13  Reaction 


Figure  R22n  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22o  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22p  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH60  /  5250-4  RTM 
Sample  16  No  Reaction 
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Figure  R22q  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22r  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22s  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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Figure  R22t  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  Cup  Residuals 
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YSH60  /  5250-4  RTM  Sample  20  No  Reaction  RHGerzeski  5/04 


Figure  R23a  YSH60A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R23b  YSH60A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Figure  R23c  YSH60A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 


275 


Figure  R23d  YSH60A  /  5250-4  RTM  D2512  72  FtLb  In  LN2  Tested  Specimen  Cup  Residuals 
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Appendix:  Residuals:  In  The  Moat 


Figure  R24a  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat 
Residuals 
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Figure  R24b  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat 
Residuals 
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Figure  R24c  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat 
Residuals 
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Figure  R24d  T650-35-UC309  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat 
Residuals 
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Figure  R25a  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat  Residuals 


281 


MAR  2  2004 


Figure  R25b  YSH50A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat  Residuals 
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MAR  2  2004 


Figure  R26a  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat  Residuals 
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Figure  R26b  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat  Residuals 
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Figure  R26c  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat  Residuals 
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Figure  R26d  YSH60A  /  5250-4  RTM  D2512  72  FtLb  LOX  Tested  Specimen  From  Moat  Residuals 


286 


HAY  6  2004 


Appendix:  Residuals:  Return  Bag  Tagging 
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Figure  R27a-i  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags  Residuals 


Figure  R27a-ii  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags  Residuals 
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Figure  R27a-iii  5250-4  RTM  D2512  LOX  Tested  Specimen 
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Bag  Tags  Residuals 
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-igure  R28a-i  T650-35-UC309  /  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags 
Residuals 
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-igure  R28a-ii  T650-35-UC309  /  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags 
Residuals 
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Figure  R28a-iii  T650-35-UC309  /  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags 
Residuals 


Figure  R28b  T650-35-UC309  /  5250-4  RTM  D2512  LN2  Tested  Specimen  Return  Bag  Tags 
Residuals 
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YSH50  /  5250-4  RTM 
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Figure  R29a-i  YSH50A/  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags  Residuals 
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Figure  R29a-ii  YSH50A/  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags  Residuals 


291 


Figure  R29a-iii  YSH50A/  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags  Residuals 
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Figure  R29b-i  YSH50A  /  5250-4  RTM  D2512  LN2  Tested  Specimen  Return  Bag  Tags  Residuals 
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Figure  R29b-ii  YSH50A/  5250-4  RTM  D2512  LN2  Tested  Specimen  Return  Bag  Tags  Residuals 


Figure  R30a-i  YSH60A/  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags  Residuals 
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Figure  R30a-ii  YSH60A/  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags  Residuals 
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Figure  R30a-iii  YSH60A/  5250-4  RTM  D2512  LOX  Tested  Specimen  Return  Bag  Tags  Residuals 
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Figure  R30b-i  YSH60A  /  5250-4  RTM  D2512  LN2  Specimen  Return  Bag  Tags  Residuals 
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Figure  Dl-b-i,  Designed  Specimen  Plate  Holding  Jig:  Clamp  Plate 
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Figure  Dl-b-ii,  Designed  Specimen  Plate  Holding  Jig:  Clamp  Plate:  Screw  Hole  And  Trough  Positions 
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Figure  Dl-b-iii,  Designed  Specimen  Plate  Holding  Jig:  Clamp  Plate:  D2512  Specimen  Drop  Thru  Hole 
Positions 
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Figure  Dl-b-iv,  Designed  Specimen  Plate  Holding  Jig:  Clamp  Plate:  D2512  Specimen  Cutting 
Positions 
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Notes; 

1.  Interpret  This  Dr  owing  Per  ANSI  Y14.5M-19S2  D2512  Composite  Specimen  Cut  Oi.jt  Positioning  And  Dimensions 

Dote:  30/3  Rev  A;  £8/5/2000  B=  7/8/01  C  Ll/5/2003  Draftsman  /  Engineer:  Roger  H.  Gerzesk; 


Interpret  This  Drawing!  Per  ANSI  Y14.5M  ~  198?  3.  Screw  Threads  Per  Fed-Std-HPS  5.  Machined  Surface  Finish 

Break  AU  Edges  0.005'  -  0.010'  Rad.  Or  Chan,  4  AU  Fillets  R  0.010  Max 


H-1 - H-1 - 

Figure  Dl-c,  Designed  Specimen  Plate  Holding  Jig:  Mill  Clamp  Plate 
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Material  Df  Construction:  ALPASE  K10QS  Aluninur  Plate  Mill  Clanp  Plate 

Tolerances:  X.XXX'  +/-  0.005'  Draftsman  /  Engineer’  Roger  H,  Gerzeski 

X.X'  +/-  O.L'  Date'  2£/3  Rev  A:  7/4  Br  £4/4  O  7/5/2000  D*  16/7  10/13/2001  F>  £l/£/£0Q? 
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Notes:  Material  Qf  Construction:  Stainless  Steel  Cutting  Fluid  Catch  Pan 

1,  Interpret  This  drawing  Per  ANSI  YM.5M  -  1933  Date:  21/3  Pev  A-  3/4  B*  31/5/3000  DraPtsnan  /  Engineer:  Po^ger  H.  Gerzeski 

3.  Break  All  Edges  0.005'  -  0.010'  Rad.  Dr  Chan.  Rev  O  10/13/3001  D=  31/3/3003  Wasserstron  Restaurant  Supply  Part  Number  55933 
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Figure  Dl-e,  Designed  Specimen  Plate  Holding  Jig:  Coolant  Extraction  Hose  Clamp 
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Draftsman  /  Engineer:  Roger  H.  Gerzeski 

Material  Df  Construction:  ALPASE  K100S  Aluminum  Plate 

Tolerances:  X.X"  +/-  O.T 

Date:  21/2/2002 


Figure  Dl-f,  Designed  Specimen  Plate  Holding  Jig:  Positive  X  Post 
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Figure  Dl-g,  Designed  Specimen  Plate  Holding  Jig:  Minus  X  Post 
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Notes; 
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Figure  Dl-h,  Designed  Specimen  Plate  Holding  Jig:  L  Clamp  Bar 
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Figure  D2,  Diamond  Core  Drill 
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#£3H.00£A  Ohank  Material:  4140  Stainless  Steel 

Tolerances;  X.XX"  +  /-0.03" 

Date:  3/2  Rev  A=  7/2/2002 
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Figure  D3,  Coolant  Adapter 
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Figure  D4,  Core  Drill  Wash  Stand  And  Storage 
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